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Olivine, pyroxene,and spinel were crystallized in the 
ternary system anorthite-forsterite-silica to which trace 
amounts of the transition metal ions cr3+ , Fe2+, Mn2+, co2+, 
Ni 2+, and cu2+ had been added. The resulting concentrations 
of the transition metal ions in the liquid and crystalline 
phases were determined using the electron microprobe. The 
results, given as free energies and partition functions, 
indicate the order of substitution of the dipositive ions 
in all crystals to be Ni 2+, Co 2+, Mn 2+, cu 2+, and Fe 2+ 
according to the predictions of crystal field theory. The 
ion cr3+ substituted in greater or lesser quantities depend-
ing on the crystalline phase. 
The data at different temperatures permitted the cal-
culation of the entropy function for each element. The 
results demonstrate that the higher concentrations of trace 
elements in crystals at lower temperatures are largely due 
to the entropy function, i.e. 4S is negative. 
The modification of the crystallization paths of this 
system by the small amounts of trace elements indicates the 
need for further study in this area. 
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I. INTRODUCTION 
The purpose of this investigation is to study, experi-
mentally, the incorporation of transition metal ions into 
1 
the lattices of silicate minerals with the goal of deriving 
information concerning partition phenomena between silicate 
melts and their crystalline products and between the crystal-
line products or phases. Approaching the problem by the use 
of artificial melts and minerals instead of by measuring the 
trace element content of naturally occurring minerals, the 
several factors such as temperature, concentration, ionic 
size, and ionic charge can be varied according to plan and 
the controlling factors determined. 
To accomplish these results the experiments outlined 
are to crystallize pyroxenes and olivines in the three com-
ponent system forsterite-anorthite-silica originally studied 
by Anderson, 1914. By choosing several different composi-
tions in the diagram olivines and pyroxenes can be crystal-
lized at several different temperatures thus affording 
temperature control data. The variation of free energy with 
concentration can be determined by varying the amount of 
the transition metal ions. Since it is expected that the 
equilibrium ratio will be constant for a particular ion at 
a given temperature it is anticipated that the need of 
variations in concentration will be limited. 
2 
If the described experiments are repeated using differ-
ent transition ions, partition data for each ion can be 
obtained for each mineral crystallized. These data can then be 
used to calculate the ability of one ion to replace another 
in the lattice assuming similar conditions of crystallization. 
3 
II. REVIEW OF LITERATURE 
One of the principal goals of geochemistry is to deter-
mine the principles governing the distribution of elements 
in the earth's crust. Until recently the methods have been 
to establish empirical relationships between the substitu-
tion of ions in crystal lattices and certain measurable 
and/or theoretical parameters such as the ionic radius and 
charge (Goldschmidt, 1937). From such considerations Gold-
schmidt conceived his rules of capture, camouflage, and ad-
mission. That these rules are good approximations is made 
evident by their success in predicting the distribution of 
the elements. 
In recent years workers in this area, realizing the 
discrepancies between theory and observation, have proposed 
other empirical relationships which often give a better 
correlation with observed data. Ahrens, 1953, and Goldschmidt, 
1954, suggested the use of the ionization potentials as a 
guiding parameter to bond formation. Ahrens discussed bond-
ing from the viewpoint of the ionic and covalent character 
of bonds concluding that the ionization potential was one of 
the best indicators of the strength of the bond which an ion 
could form and should therefore be a measure of its ability 
to substitute for another ion in a lattice. He also dis-
cussed the electronegativity and electron affinity concepts 
4 
which had been used by earlier authors as indicators of sub-
stituting ability. Ahrens defined his phi scale as the ratio 
of the ionization potentials of two ions and demonstrated 
that many ions which have phi values near unity are closely 
associated in nature. 
Ringwood, 1955, proposed the use of the electronega-
tivity concept by which the difference in electronegativity 
between the considered ion and the electron affinity of the 
anion is used as a parameter indicating order of ionic sub-
stitution. Ringwood's new rule states that "whenever diadochy 
in a crystal is possible between two elements possessing 
appreciably different electronegativities the element with 
the lower electronegativity will be preferentially incorpor-
ated because it forms a stronger and more ionic bond than 
the other." Using this modification to Goldschmidt's rules, 
Ringwood was able to show that several discrepancies in the 
application of Goldschmidt's rules were accounted for. 
If it is realized that electronegativity differences 
are correlative with differences in ionic and covalent bond 
character (Pauling, 1960), the relationship of electronega-
tivity to bond strength and stabilities becomes apparent. 
Similarly, the correlation of Ahren's work with Ringwood's 
electronegativity rule is apparent when it is known that the 
ionization potential is used in calculating the Mullikan 
electronegativity scale. 
5 
Ramberg, 1952, Kretz, 1962, and Ahrens, 1963, have 
emphasized the importance of the consideration of bond 
strengths in determining the distribution of the elements. 
This trend toward the use of bond strengths results from 
seeking a function which is a measure of relative stability 
and the several parameters which have been considered merely 
serve as indicators of bond strengths and relative stability. 
Attempts to determine bond energies and energies of 
reaction have been made using the Born-Haber cycle by combin-
ing several of the theoretical parameters. The energies thus 
calculated are no better than the relative approximations 
determined from the individual parameters, but serve to 
illustrate this general approach and the validity of the 
method. 
Curtis, 1964, applied a new concept to the substitution 
phenomena in transition metal ions. The concept is that of 
the stabilization of transition metal ions afforded them by 
the electrons each contains in an unfilled d (or f) orbital. 
This is the crystal field stabilization energy. Applying this 
concept, Curtis was able to show that by considering the 
number of electrons which ions contain in their unfilled d 
orbitals the relative abilities of the transition metal ions 
to substitute in a crystal lattice could be ascertained. 
Development of crystal field theory will be made in a later 
6 
section. 
More recently the emphasis has been on the use of ther-
modynamics to determine energy functions. Several papers 
have discussed the use of analytical data to calculate the 
equilibrium constant and subsequent extrapolation to higher 
temperatures and pressures (Ramberg and Devore, 1951; Shaw, 
1961; Brown and Patterson, 1948) • 
Brown and Patterson, 1948, were among the first to 
publish thermochemical considerations of the distribution 
of elements in meterorites. Considering the reaction 
and the free energy,~G, relationship 
~G = -RT ln K = -RT ln (Fe) (NiSi03) (Ni) 
Brown and Patterson obtained analytical data from meteorites 
giving a value of 0.24 for K, the equilibrium constant for 
the reaction. Previous experimental work by Strassen, 1930, 
indicated a value for K of 0.00725. The discrepancy was 
assumed to be due to the pressure difference since Strassen's 
work had been done at atmospheric pressure. Calculations 
indicated that to obtain the value of 0.24 very high pressures 
would be required. Thus, from thermodynamic considerations, 
supporting data for the concentric model of the earth and the 
origin of meteorites were obtained. Later analysis of the 
data, however, indicated an error which accounted for most 
of the differences formerly attributed to the difference in 
pressure. 
Following this original theoretical treatment, Ramberg 
and Devore, 1951, discussed the use of the distribution 
coefficients of Fe and Mg in olivines and pyroxenes as a 
geologic thermometer observing that ~G for the reaction 
is a function of temperature alone and that 
ln K = ln (Fe 2 Si0 4} {MgSio 3 } 2 
{FeSi03 )2(Mg2Si04} 
7 
is constant at constant temperature and pressure. Therefore, 
if one considers the substitution of a metal ion such as Ni2+ 
for Mg2+ in the forsterite structure so that only a trace 
amount of Ni2+ substitutes for Mg2+ he should be able to cal-
culate the equilibrium constant, K, for the reaction and thus 
predict the concentration of Ni2+ in melts of other systems. 
Neuman, et al, 1954, observed that the distribution of 
trace elements between minerals formed by the crystallization 
of magmas is governed by 
1. the laws of crystallization of minerals from 
magmas. 
2. the laws of distribution of trace elements be-
tween the minerals formed. 
Neuman further observed that if a number of minerals crystal-
lize from a magma at a given temperature and pressure a trace 
element 
several 




such a way that 
Cone. in mineral a 
Cone. in melt 
Cone. in mineral b 
Cone. in melt 
Cone. in mineral a 
Cone. in mineral b 
the magma and 
= Ka 
Kb 
As the magma is depleted of the observed element 
concentration in the melt, m, and in the solid, s, is 




where M is the original concentration of the element in the 
8 





1. Free Energy and Chemical Equilibria 
The stability relationships of chemical compounds and 
related chemical phenomena can be studied with the use of 
thermodynamics. Thermodynamics gives a set of laws by which 
chemical reactions are governed. It is derived from two 
basic postulates, the first and second laws of thermodynamics. 
These two basic laws define the internal energy, E, and 
entropy, S, functions 
dE = q - w 
dS = qrev/T 
( 1) 
( 2) 
which, in turn, are used to define other more useful func-
tions such as the enthalpy, H, and the Gibbs free energy, G. 
(Lewis and Randall, 1961) . 
H = E + PV 
G = H - TS 
For a chemical change at constant temperature 




The spontaneity of a chemical reaction occurring at constant 
pressure is determined by the change in the Gibbs free energy 
function. If the change, AG, is zero, the reaction is at 
equilibrium; if negative, it proceeds in the direction con-
sidered; and, if positive, it proceeds in the reverse manner. 
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2. Variation of AG with Temperature. 
The variation of ~G with temperature (at constant P) 
is demonstrated by differentiation and re-arrangement of 
the equation G = H - TS 





or ( 7) 
This equation demonstrates that 48 can be determined by 
graphing 4G vs T and measuring the slope of the curve. 
3. The Chemical Potential. 
The thermodynamic theory which has been developed thus 
far applies only to closed systems. Since G is an extensive 
function its value can be increased simply by increasing the 
amount of matter in the system. 
If an homogeneous phase consists of k different sub-
stances, each containing ni moles, the total free energy of 
the phase is a function of the amount of each substance 
present, i.e. 
and the total differential is 
Defining ((jG/(jni) P,T,nj = /J. i I the chemical potential, and 
recalling that ((jG/(jT) p = - s and ((jG/()P) T = v, the total 
differential is dG =-SdT + VdP +,L:~idni . 
11 
The definition of the chemical potential as given by 
Gibbs can be stated as follows: "If to any homogeneous phase 
an infinitesimal quanitity of a substance is added, the 
phase remaining homogeneous and its entropy and volume 
remaining constant, the increase in energy per unit mass 
added equals the potential for the substance in that phase." 
The distribution of trace elements in magmatic minerals 
during crystallization is determined by the free energy of 
placement of the element in the crystal lattice. The condi-
tion of chemical equilibrium between phases is that each 
element shall have an equal value of its chemical potential 
in all phases between which the element can freely pass. 
As indicated in previous paragraphs, the Gibbs free 
energy is a function of temperature, pressure, and compo-
sition, and ( 9) 
For a single crystalline phase, c, melt, m, and element, i, 
dG = -SdT + VdP + ~icdnic + uimdnim 
A transfer of element i between phases gives 
dnic = -dnim 
dG = -SdT + VdP + ( ~ic-~im)dnim 
At constant temperature (dT = 0) 
dG = VdP + ( ~ic-~im)dnim 








or at equilibrium 
( 14) 
i.e. the chemical potential for element i in each phase is 
equal. 
Analagous to the equation relating 4G to the equili-
brium constant ~i can be written 
0 ~i = ~i + RT ln a· l ( 15) 
i.e. the chemical potential, P, of an element, i, equals 
its chemical potential in the reference state, ~0 , plus the 
logarithm of its activity, ai, in the phase considered. 
Therefore, 
0 0 ~ic + RT ln aic =~im + RT ln aim ( 16) 
J'lc- J'~m = RT ln aim/aic at constant T ( l?) 
where J'ic - ~im is a function of temperature and pressure 
only. Therefore 
( 18) 
is constant at constant temperature and pressure. 
B. Crystal Field Theory. 
Another theoretical approach to the problem which has 
been discussed by Curtis, 1964, is the application of crystal 
field theory to ionic substitution of trace elements in crys-
tal lattices. With the use of crystal field theory relative 
crystal field stabilization energies can be calculated for 
13 
each of the transition metal ions by considering the number 
of electrons in unfilled d or f orbitals, the splitting ener-
gies of the orbitals in each ligand field, and certain per-
turbing factors such as the Jahn-Teller effect. 
From the quantum mechanical solution of the hydrogen 
atom are derived the five hydrogen d orbitals (Cotton and 
Wilkinson, 1962) dxy' dxz, dyz, dz2, and dx2-y2· These 
orbitals are five fold degenerate in the free ion, i.e., 
they are equal and have equal energies in the free ion. 
Assuming that the d orbitals of the transition metals are 
hydrogen-like orbitals, simple geometric considerations 
illustrate that in the octahedral environment of six 
surrounding ligands, the five degenerate orbitals are split 
into two sets of two and three degenerate orbitals each. 
This can be demonstrated by considering a metal ion contain-
ing one electron in its set of five d orbitals, e.g. the Ti3+ 
ion. When this ion is placed in an octahedral field of anions, 
the orbitals oriented in the direction of the axes of the 
octahedron, i.e., the dx2-y2 and dz2 orbitals, are in closest 
proximity to the ligands while the dxy, dxz, and dyz orbitals 
are at a greater distance from the ligands. The latter orbit-
als would therefore have lower energies, i.e., be more stable 
than the former. 
As the electrons of the metal ion are placed into the 
14 
new orbitals,the first one will go into the orbitals with 
the lower energies resulting in greater stability for the ion 
in the ligand field site. 
In the d 1 ion, i.e. an ion having one d orbital elec-
tron, the electron will go into the set of orbitals having 
the lower energy and the ion will be stabilized by an amount 
4Dq compared to the free ion, where Dq is a measure of the 
energy difference between the d orbitals in an ion as they 
are split apart by the field of surrounding ligands. In ions 
having a larger number of electrons the second electron will 
also go into the lower t 2g orbitals as does the third elec-
tron with subsequent stabilization energies of 4Dq, 8Dq, and 
12Dq respectively. However, as the fourth electron is added 
it can either pair up with an electron in a t 2g orbital (low 
spin state) or go into an eg orbital (high spin state) . 
Whether it goes into the e level depends on the relative g 
values of lODq and the pairing energy, P. If P<lODq, it will 
pair up in the t 2g orbitals, whereas if P>lODq the energies 
are more favorable for putting the electron into the eg 
orbitals since it requires less energy. The stabilization 
of the ion would then be 6Dq compared to 16Dq-P of the former 
configuration. The stabilization energies of the high spin 
and low spin states are listed in Table I. For most first 
transition series compounds the high spin state is dominant 
because the pairing energies, P, are large compared to lODq. 
Table I 
Crystal Field Stabilization Energies for High and Low 
Spin States in Octahedral and Tetrahedral Coordination. 
Ion Octahedral coord. Tetrahedral Coord. 
High Spin Low Spin High Spin Low Spin 
dl 4Dq 6Dq 
d2 8Dq 12Dq 
d3 12Dq 8Dq 
d4 6Dq l6Dq-P 4Dq 18Dq-P 
ds 0 20Dq-2P 0 24Dq-2P 
d6 4Dq 24Dq-3P 6Dq 20Dq-2P 
d7 8Dq 18Dq-3P 12Dq l6Dq-2P 
d8 12Dq 8Dq 
d9 6Dq 4Dq 
dlO 0 0 
15 
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If, instead of an octahedral field, an ion is placed in a 
tetrahedral field the relative stabilities of the eg and t 2g 
orbitals are reversed and the first electron will go into the 
eg orbital giving a stabilization energy of 6Dq. Generally, 
for a given ion the stabilization energy will be different in 
each type of coordination. This energy difference results in 
a site preference for each cation, the site giving the 
largest stabilization being preferred. 
If values of the splitting energies, lODq, are known for 
ions in specific ligand fields the stabilization energies in 
calories can be calculated. As a first approximation the 
value of lODq for the aqua-ions can be used in calculating 
stabilization energies in complexes. Where the absorption 
spectra of these compounds can be measured and interpreted 
in terms of crystal field theory the values of lODq can be 
measured directly. 
Table II gives the crystal field stabilization energies 
in calories for the ions in octahedral and tetrahedral coordi-
nation with oxygen. 
1. Jahn-Teller Effects. 
In high spin arrangements of the d electrons in dl, d2, 
d4, d6, d7, and d9 ions the t2g or eg orbitals cannot be 
equally occupied. The octahedral field symmetry therefore 
will not be matched by the symmetry of the electron cloud of 
17 
Table II 
Crystal Field Stabilization Energies of First Transition 
Metal Oxides (after McClure, 1957) . 
Electron Ion Oct.Stab. Tet.Stab. Oct. Prefer. 
config. (Kcal) (Kcal) (Kcal) 
dl Ti 3+ 23.1 15.4 7.7 
d2 v 3+ 41.0 28.7 12.3 
d3 v 2+ 40.2 8.7 31.5 
d3 cr 3+ 60.0 13.3 46.7 
d4 Mn 3+ 35.9 10.6 25.3 
d5 Mn2+ 0 0 0 
d5 Fe 3+ 0 0 0 
d6 Fe 2+ 11.4 7.5 3.9 
d7 Co2+ 17.1 15.5 2.1 
d8 Ni 2+ 29.3 6.5 22.8 
d9 cu2+ 22.2 6.6 15.6 
dlO zn2+ 0 0 0 
18 
the metal. A more stable system can be obtained by distorting 
the octahedron so that the electrons are less repelled in cer-
tain directions. Distortions of this type are best realized 
with half filled eg orbitals as is the case with d4 and d9 
ions which give tetrahedral distortions of the octahedron by 
a closer or more distant approach of the ligands along the z 
axis. These distortions are referred to as Jahn-Teller dis-
tortions. Although the d4 and d9 ions show the more pro-
nounced Jahn-Teller effects the other ionic types listed 
above are also somewhat affected. 
Jahn-Teller effects are demonstrated by the complexes 
of cu2+ which typically form tetrahedral or square planar 
complexes. 
If the uneven distribution of the electrons causes a 
removal of degeneracy and a resulting increased stabilization 
in complexes it is reasonable to assume that if ions such as 
cu2+ are placed into a crystal lattice having somewhat rigid 
coordination sites the Jahn-Teller effects would serve to 
destabilize these ions. That this appears to be the case is 
suggested by the low concentrations of the copper ion in the 
minerals formed early in the crystallization of a magma. 
2. Thermodynamic Effects of Crystal Field Energies. 
During magmatic crystallization the minerals being 
formed contain lattice positions into which transition metals 





























Ti v Cr Mn Fe Co Ni Cu Zn 
Fig.l. Transition Metal hydration energies as a function 
of atomic number. 
19 
20 
substitution phenomena is determined by the relative bonding 
energies of the respective ions. If the ions to be placed in 
the lattices are present as ions or ionic complexes in the 
melt then one might expect that the differences in the crys-
tal field stabilization energies between the melt and crystal 
reflect a part of the relative stabilization of the ions as 
they pass from the liquid phase to the crystalline phase. 
Suggestive of this is the stabilization afforded by the hy-
dration energies of the divalent transition ions illustrated 
in fig. 1. This figure shows that the transition metal ion 
hydration energies reflect the same pattern as the crystal 
field stabilization energies given in Table II. Furthermore, 
if the crystal field energies are subtracted from the hydra-
tion energies a straight line passing through the ca2+, Mn 2+, 
and zn2+ positions results. This suggests that the variation 
between ions is largely due to the crystal field effects. 
This same variation is shown by other complexes and compounds 
in which the transition metal ions occur. 
c. The System Anorthite-Forsterite-Silica 
The ternary system anorthite-forsterite-silica was 
chosen for the basis of this study because it has been studied 
(Anderson, 1914) in detail providing a system in which the 
early magmatic minerals forsterite and enstatite can be 
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over a temperature range of a few hundred degrees. The be-
havior of this system is essentially ideal and the small 
changes in composition in the several mixtures used in this 
study do not substantially alter the chemical potential of 
the transition ion present. 
Fig. 2 shows the ternary diagram of the system anorthite 
-forsterite-silica with the compositions used in this study 
numbered one through six. In this figure it is shown that 
when a composition falls in the field of primary crystalliza-
tion of a mineral that mineral will crystallize at or immedi-
ately below the liquidus temperature at that point thus 
allowing enstatite and other minerals to be preferentially 
crystallized. Assuming equilibrium to be maintained after the 
liquidus is reached and primary crystallization of the 
appropriate phase has begun, if the temperature continues to 
decrease to the boundary with another phase such as the 
forsterite-enstatite boundary the second phase will begin to 
crystallize simultaneously with the primary phase and con-
tinue to do so as the temperature decreases and the composi-
tion of the melt moves along that boundary. Binary crystalli-
zation continues until a ternary point, i.e. a peritectic or 
eutectic point, is reached at which point a third phase will 
begin to crystallize. In the case of a peritectic relation 
such as is found between forsterite and enstatite certain 
conditions require that the initial phase be partially or 
completely resorbed. These conditions occur in this system 
when forsterite is the initial phase and enstatite is the 
second or third phase to appear. 
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In Table III are listed the compositions which are in-
cluded in this study. These compositions and their crystal-
lization paths are plotted on the phase diagram in fig.2. 
Inspection of figure 2 shows that as the temperature of comp-
osition one falls to the liquidus forsterite becomes the 
stable solid phase and begins to crystallize. Forsterite 
continues to crystallize as the temperature falls and the 
composition of the melt moves along a straight line away 
from the forsterite corner of the diagram until the line 
intersects the forsterite-enstatite boundary. At this point 
enstatite begins to crystallize and the melt composition 
moves along the boundary toward the peritectic as enstatite 
crystallizes and forsterite is resorbed. 
Similarly, composition two crystallizes forsterite as 
the composition of the melt moves along the given curve. In 
this case, however, no second phase appears as the tempera-
ture of this composition is never lowered to a binary curve 
or boundary. 
Composition three begins crystallization with the sepa-
ration of forsterite as the liquidus temperature is reached. 
Forsterite crystallizes as the temperature is lowered and the 
Table III 
Compositions*of Melts Expressed as Percent of End Members 
and Grams of Oxides. 
Percent of End Members Grams of Oxides Refr.Ind. 
Fo An Si Si02 CaO MgO Al203 
1 43 35 22 5.5473 0.7056 2.4643 1.2828 1.576 
2 45 42 13 5.0350 0.8467 2.5790 1.5393 1.582 
3 46 50 4 4.5232 1.0080 2.6363 1.8325 1.584 
4 53 19 28 5.8832 0.3830 3.0374 0.6964 1.573 
5 50 20 30 5.9983 0.4032 2.8655 0.7330 1.572 
6 32 64 4 4.5303 1.2902 1.8339 2.3456 1.584 
* The transition metal ion content is approximately 0.5% by weight 




composition of the melt changes along the line to the fors-
terite-spinel boundary where spinel begins crystallization. 
Similarly, compositions four and five can be shown to 
crystallize enstatite (and forsterite in four) as the melts 
are cooled through a range of temperature while spinel is 
the primary phase to be crystallized from composition six. 
In thermodynamic terms a phase begins to crystallize as 
its free energy becomes equal to the free energy of its com-
ponents in the melt. Thus, the free energy of the components 
of the liquid phase can be determined by determining which 
are in equilibrium with the solid phases. 
D. Transition Metal Ions. 
The transition elements are those elements in the period-
ic table beginning with scandium which have incompletely filled 
d orbitals including the 3d, 4d, and Sd orbitals. Scandium 
contains one d orbital electron but since it usually occurs 
in the trivalent state it does not occur as a transition 
metal ion containing d electrons. The first ion with a 3d 
orbital electron, first transition series, is Ti3+ and the 
last is cu2+. As has been discussed in an earlier section the 
number of electrons in an ion having an incompletely filled d 
orbital will determine the stability of the ion in a given 
coordination. 
The ions to be studied in this experiment include Fe2+, 
Mn2+, cr3+, co2+, Ni2+, and cu2+. These ions were chosen 
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because of 
(1) the number of d orbital electrons each contain; 
(2) their occurrence in natural olivines and pyroxenes 
as indicated by published analytical data of rock 
forming minerals (Wager and Mitchell, 1951); and 
(3) their ionic radii and charges. 
In order to examine some of Goldschmidt's rules ions 
were selected which do not conform to the radius rule but 
which do have certain other stabilizing factors which allow 
a qualitative determination of their stability in the crystal 
lattice. As shown in Table IV Fe3+ has a radius similar to 
that of Mg2+ but a higher charge. It also has five d orbital 
electrons. According to Goldschmidt's rules Fe3+ should be 
able to replace Mg2+ in the silicate lattice. Two ions which 
have the same charge and radius are co2+ and Ni2+. 
The Ni2+ should be preferred, however, because of a more 
favorable number of d electrons if, in fact, either can sub-
stitute for Mg2+ in the silicate lattice. If Goldschmidt's 
rules are followed the 20% difference in radii of Ni2+ (and 
co2+) and Mg2+, (Ahren's radii) would not permit extensive 
substitution of Ni2+ for Mg2+. Also, the slightly smaller 
Fe2+ should be preferred to either Ni2+ or Co2+. Other ions 
of equal radii are cu2+ and cr3+. The Cr3+ ion is favored by 
its number of d electrons. Both ions, however, are distorted 
Ion 
Table IV 
Ionic Radii and Crystal Field Stabilization 
Energies of Ions. 
Ionic Radii No. d elect. High Spin 
(A) Stab. (Dq) 
* ** *** 
Fe2+ 
.74 .83 .86 
Fe3+ 
.64 .67 .73 
co2+ 
.72 .82 .83 
Ni2+ 
.69 .78 .77 
cu2+ . 72 .83 .81 
cr3+ 
.63 .64 .70 
Mn2+ 
. 80 .91 .91 
Mg2+ .66 .78 . 80 
Al3+ 
.51 .57 .61 
ca2+ 1.09 1.06 1.08 
si4+ .42 .39 .34 
*Ahrens, 1952 
** Goldschmidt, 1958 










by Jahn-Teller effects. Also, cu2+ should be preferred over 
Fe2+ if the Jahn-Teller destabilization is not too large. 
IV. LABORATORY METHODS 
A. The High Temperature Furnace. 
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For the preparation of the melts in this study a 
furnace was constructed of high alumina refractory bricks 
with SiC rods as heating elements. For purposes of crystal-
lization, however, the temperature controlled platinum 
wound furnaces in Dr. Frank Schairer's laboratory at the 
Carnegie Institute in Washington, D.C. were used. 
B. Temperature Control. 
The measurement and control of temperature in the SiC 
furnace was attained by the use of a platinum-platinum+ 
13% rhodium thermocouple and a Leeds and Northrup Model 
8662 dual range potentiometer. Temperature of the furnaces 
at the Carnegie Laboratory was controlled with a platinum-
platinum+rhodium thermocouple, appropriate potentiometer 
arrangement, and rheostats. Calibration of the thermocouple 
was made at the liquidus temperature of pure synthetic 
diopside prepared from the pure oxides and crystallized at 
a temperature well below the liquidus. By raising the temp-
erature of the furnace a few degrees at a time and observing 
the reading of the potentiometer a point is reached at which 
the crystals in the diopside glass disappear. This is the 
liquidus temperature, 139l.S+l.soc, of diopside. As the 
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thermocouple drifts with time, it is necessary to period-
ically re-calibrate it using the synthetic diopside. 
C. Oxide Mixtures for Synthesis of Melts. 
Synthesis of the melts in the anorthite-forsterite-
silica system was made with the use of reagent grade oxides 
of silicon, aluminum, and magnesium, and from oxides of 
aluminum and magnesium prepared by combustion of the pure 
metals. The source of CaO was reagent grade CaC03. The com-
ponent oxides were weighed to 0.0001 gram, in the proportions 
indicated in Table III, for preparation of the respective 
metals. 
Initial preparation of the oxides was made by drying 
the Si02 (quartz) for one hour at lSQQOC, crushing the 
product (cristobalite) and then drying an additional 20 
minutes at 12sooc. The MgO was dried at lOQQOC for 6-8 
hours and then at 1500°C for one hour while Al203 was dried 
at 14oooc for three hours. The CaC03 was dried at 4QQOC for 
five hours (See Table V). 
The several components were stored in dessicators using 
KOH as dessicant until ready for preparation of the required 
mixtures. Oxides of the transition metals were similarly 
dried at lOQQOC and stored in a dessicator. 
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Table v. 
Drying Time of Component Oxides 
Component Temp. 1st Drying Temp. 2nd Drying 
oc Time (hrs) oc Time (hrs) 
Si02 1500 1 1250 0.5 
Al20 3 1400 3 
MgO 1000 6-8 1500 
CaC03 400 5 
In preparation of the component mixtures the Sio2 was 
weighed directly into a 25 cc platinum crucible while the 
other components were weighed in a watch glass. The weighed 
components were then mixed in a platinum crucible and ignited 
for one hour at 1ooooc to reduce the caco3 to cao. The campo-
nent oxides were then fused at 15oooc and left in the furnace 
for one hour. After the first fusion the melt was carefully 
removed from the crucible as an aid in mixing and then remelted 
without crushing so as not to lose any of the mixture. After 
two or three similar fusions the contents of the crucible were 
crushed in a steel mortar and again remelted. The crushing 
and remelting was repeated several times until the crushed 
particles of glass were all of the same index of refraction 
(See Table III) . Particles of steel from the mortar and pestle 
were carefully removed with a magnet. 
Several batches of each of the mixtures were made and 
the adequacy of the technique was indicated by the matching 
indices of refraction of each batch. 
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To incorporate the transition ions into the melt four 
grams of each glass were weighed into a crucible and suffi-
cient oxide of the transition metal oxide added to give 0.5% 
metal ion by weight. The process of melting and crushing was 
then repeated to insure homogeneity of the glass containing 
the transition metal ion. The glasses containing the transi-
tion ions were placed in vials for crystallization at select-
ed temperatures and for subsequent use as electron microprobe 
standards. 
D. Crystallization of Glasses. 
Crystallization of the mixtures at the different temper-
atures was accomplished by placing approximately 0.5 gram 
quantities of each mixture in an envelope of platinum foil. 
These envelopes were then placed in a furnace at a controlled 
temperature for 24 to 96 hours. After remaining in the furn-
ace for the prescribed time, the envelopes were quenched in 
mercury. Several mixtures to be crystallized at the same 
temperature were crystallized simultaneously. The crystalline 
material was then prepared for analysis with the electron 
microprobe. 
E. Chemical Analysis. 
1. Preparation of the Crystals for Analysis. 
Preparation of the crystalline samples for analysis was 
made by mounting each sample in an electrically conductive 
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copper filled bakelite (diallyl pthalate). After mounting, 
the sample was ground on a polishing wheel and then polished 
using half-micron alumina powder and diamond paste as abra-
sives. The abundant crystals exposed at the surface were then 
accessible to analysis with electron probe. Before analysis, 
however, the crystallized glasses were made conductive by 
coating them with carbon in a vacuum evaporator. 
2. Analysis with the Electron Microprobe. 
The electron microprobe is especially suited to spectro-
graphic analysis of synthetic crystals because of their small 
size (10 to 100 microns). The principle of operation of the 
electron probe microanalyzer is much the same as that of an 
x-ray tube in which the beam of electrons, accelerated by a 
potential of from 5 to 50 Kev, strikes a target thereby prod-
ucing x-rays characteristic of the elements of which the tar-
get is composed. In the microprobe the sample to be analyzed 
is the target; thus, the characteristic spectra of all the 
elements present are emitted and can be analyzed with appro-
priate spectrometers. 
The method of quantitative spectrochemical analysis with 
the electron microprobe is similar to other methods of quanti-
tative instrumental analysis. As in all instrumental methods 
of analysis the determination of some characteristic measure-
ment of an element in the unknown is compared to a similar 
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measurement on a standard containing a known concentration 
of the same element. In many methods of instrumental analysis 
the relation 
where C is the elemental concentration of the unknown (Cu) 
and standard (Cs), I' is the excited intensity of the pheno-
menon being measured, and k is a constant, gives the relation 
between concentration and the generated intensity. To a first 
approximation this same relation is true for the ratios of 
the measured x-ray intensities in the uninown and standard. 
Some variation is due to different percentages of electrons 
being backscattered by the sample. The measured intensities, 
however, differ from the excited intensities because of diff-
erences in the absorption characteristics of the elements of 
which the sample is composed. If I' is the excited intensity, 
I is the measured intensity, and U is the absorption coeffi-
cient, then 
and the second approximation becomes 
Cu = Cs x f(Us)/f(Uu) x Iu/Is 
Improvement in the calculated value of Cu can be made by the 
technique of iteration. Similar corrections were made for 
x-ray fluorescence, atomic number effect, and other phenomena. 
These corrections are lower order, however, and will not be 
discussed here. 
An example of x-ray count data on a standard and sample 
and the resulting analysis is given in Appendix A. 
Table VI. Standards Used in Microprobe Analysis. 
(Weight Percent of Oxide) 
Composition Three 
Oxide En Fo An Theoret. ** Chem.Anal. Microprobe Analysis 
Fe Co Ni 
MgO 40.1 57.3 26.4 25.8 25.6 25.2 
Al203 36.6 18.3 18.1 18.6 18.8 
Si02 59.9 42.7 43.2 45.2 44.7 45.6 45.7 
cao 20.2 10. l 10. 1 10. 3 10.2 
Trace *** 0.51 0.60 0.34 
* Microprobe analysis was done with En,Fo,An as standards. 
** wet Chemical Analysis determined from Fe containing standard. 
*** All trace element concentrations by wet chemical analysis and are 


















In order to obtain greater accuracy standards were used 
which were similar to the sample being measured. The princi-
ple standards were forsterite, enstatite, and anorthite 
glasses prepared by Dr. Frank Schairer and glasses of compo-
sition three of this study. The accuracy obtainable by micro-
probe analysis is indicated by Table VI. 
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V. EXPERIMENTAL RESULTS 
A. General 
Crystals of olivine, pyroxene, and spinel were obtained 
in sizes ranging from a few microns to over two hundred 
microns. Microprobe analyses of these crystals indicate their 
compositions to be very close to the theoretical compositions 
and to have, in most case, uniform distribution of trace ele-
ments. Corrected microprobe analyses of each phase are given 
in Appendix B. 
B. Phase Identification. 
Identification of the separate crystalline phases was 
made initially by x-ray diffraction. The lattice spacings 
(d spacings) determined for each mineral phase are given in 
Table VII. The need for diffraction patterns was limited, 
however, as each phase was easily identified both visually 
and by its chemical composition. Visual identification was 
made with ease because of differences in light reflectance of 
the three crystalline phases. 
In compositions crystallizing in the enstatite field 
both protoenstatite and clinoenstatite were present in mix-
tures ranging from almost pure protoenstatite to almost pure 
clinoenstatite. In most cases these two polymorphs were diffi-
cult to distinguish. 
Table VII. D Spacings of Synthetic Crystals 
as Determined by X-ray Diffraction (Ang.). 
*Olivine **Protoenstatite #Spinel 
5.08 4.35 2.87 
4.36 3.26 2.44 
3.87 3. 15 2.03 
3.71 2.98 1.57 
3.47 2.87 1.44 
2.99 2.72 0.95 










l. 74 1.75 
1.67 1.71 
1.62 l. 64 
1.56 1.60 





l. 31 1.31 
1.03 1.26 
l. 21 
* measured in Olivine 2 co2+ l3000C 
** measured in Pyroxene 4 co2+ l300°C 
# measured in Spinel 3 cu2+ l350°C 
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C. Composition of Synthetic Crystals. 
l. Olivine and Pyroxene Crystals. 
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The olivine crystals prepared in this study are essen-
tially Mg2Si04 with minor concentrations of the transition 
metals. Appendix B gives the calculated concentrations of 
the elements in the different crystalline materials. For 
olivines these values are near the theoretical values of 
57.3% MgO and 42.7% Si02. 
Similarly, the calculated concentrations of MgO and 
Si02 in the pyroxene crystals are approximately 40.1% and 
59.9% respectively, with minor concentrations of the transi-
tion metal oxides. 
2. Spinel Crystals. 
Crystals of spinel obtained in compositions three and 
six are essentially MgAl204 with the exception of the corn-
positions containing the cr3+ ion. In these latter crystals 
chromium is a major component and the spinel lS Mg(CrxAl2-x04) 
with cr3+ substituting for Al3+ in the spinel structure. 
3. Anorthite Crystals. 
Small crystals of the approximate composition of 
Anorthite were obtained at l3oooc in composition three. 
These crystals were not analyzed. 
40 
D. Equilibrium. 
The validity of the calculations which are made in this 
study and the conclusions reached assume equilibrium. That 
equilibrium has been attained is indicated by the reproducible 
trace analyses of the different compositions, the regularly 
increasing value of K with temperature, and the regular in-
crease in the Si, Ca, and Al concentrations and decrease in 
the Mg concentration of the melt. 
Many of the compositions were crystallized at their 
respective temperatures both by crystallizing the glass at 
the prescribed temperatures and by holding a melt, previously 
crystallized at lower temperatures, at the prescribed temp-
erature. The results are the same. Although the use of this 
double crystallization process is time consuming the confi-
dence in the results is increased. 
Similarly, compositions crystallized for 48 hours gave 
the same results as those crystallized for 24 hours. 
With the exception of the melts containing cr3+ the 
crystalline products obtained coincided with the phase dia-
gram (fig.2). In the case of cr3+, however, the appearance 
of spinel outside of the spinel field suggested a metastable 
state for some of the chromium containing compositions. 
However, when new runs in the furnace were made for 72 to 96 
hours larger and fewer spinel crystals were obtained. 
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Although it is recognized that solution of Cr203 in the melt 
without crystallization of chromium spinel octahedra is 
difficult these results can only be interpreted as an expan-
sion of the spinel field with introduction of cr3+. 
E. Differences in the Chemical Potential Between the Crystal-
line and Liquid Phases for the Transition Metal Ions. 
The purpose of this study is to determine the partition 
coefficients and the differences in the chemical potentials 
of the selected ions between the olivine, pyroxene, spinel 
and liquid phases present in the system anorthite-forsterite-
silica. The ratios of the trace element concentrations be-
tween the crystalline and liquid phases are given in Table 
VIII. Table IX gives the results as differences in the chemi-
cal potential between the crystalline and liquid phases for 
each of the metal ions. 
The calculation of the differences in chemical potential 
between the crystalline and liquid phases assumes that all 
phases behave as ideal solutions. An example of the method of 
calculation is given in Appendix A. 
1. Trace Elements in Olivine. 
Olivine (forsterite) was crystallized from three compo-
sitions at several temperatures. It occurs alone and toget-
her with pyroxene and spinel and contains each of the trace 
Table VIII. Partition of Transition Metal Ions Between Crystalline and 
Liquid Phases (ratios of molar concentrations in crystalline and liquid 
phases). 
Composition One 
Ternp.oc Mineral Cr Fe Co Ni Cu Mn 
1400 Olivine 0.59+0.06 0.36+0.02 1.61+0.02 4.12+0.02 
1350 Olivine 0.58+0.07 0.32+0.02 1.93+0.04 5.09+0.]3 0.58+0.0l 
Pyroxene 4.80+0.82 0.32+0.02 1.03+0.04 1.67+0.15 0.62+0.08 
Spinel 261. +5. 
1300 Olivine 0.59+0.05 0.30+0.03 2.17+0.05 6.19+0.10 0.64+0.02 
Pyroxene 7.45+0.38 0.39+0.03 1.12+0.03 2.16+0.17 0.73+0.09 
Spinel 361. +4. 
Composition Two 
1425 Olivine 0.62+0.02 0.19+0.06 3.88+0.07 
1400 Olivine 0.54+0.07 1.58+0.04 4.12+0.09 0.23+0.04 
1350 Olivine 0.72+0.08 1.92+0.07 4.75+0.09 0.31+0.02 
1300 Olivine 0.63+0.11 0.33+0.01 2.21+0.06 6.00+0.13 0.40+0.02 
Composition Three 
1450 Olivine 1.20+0.04 
1400 Olivine 0.30+0.03 1.53+0.04 4.07+0.14 
Spinel 1.43+0.04 1.66+0.02 4.43+0.16 
1350 Olivine 0.39+0.l3 0.30+0.03 1.87+0.04 4.57+0.20 ~ 
Spinel 175. +0.79 1.63+0.05 1.95+0.05 5.23+0.15 N 
Table VIII. (Cont'd) 
Composition Three (Cont'd) 
Temp.oc Mineral Cr Fe Co Ni Cu Mn 
1300 Olivine 0.71+0.19 0.31+0.05 2.00+0.05 5.46+0.17 
Spinel 314. +18. 
Composition Four 
1400 Pyroxene 2.08+0.40 0.30+0.02 0.92+0.05 1.79+0.05 
1350 Pyroxene 3.81+0.68 0.34+0.03 1.06+0.04 2.34+0.07 
1300 Pyroxene 4.55+0.55 0.38+0.03 1.28+0.05 2.63+0.09 
Spinel 750. +5. 
Composition Five 
1400 Pyroxene 1.96+0.28 0.44+0.09 1.85+0.08 
1350 Pyroxene 3.47+0.43 0.34+0.02 2.33+0.15 
1300 Pyroxene 5.41+0.78 0.45+0.03 2.97+0.08 
Composition Six 
1400 Spinel 154. +18. 1.65+0.16 2.12+0.16 
1350 Spinel 92. +16. 2.00+0.16 2.42+0.17 










Table IX. Difference in the Chemical Potential Between 
the Crystalline and Liquid Phases for the Transition 
Metal Ions (Kilocalories). 
Composition One 
Cr Fe Co Ni Cu 
1.75+0.35 3.40+0.19 -1.58+0.04 -4.71+0.02 
1.76+0.39 3.68+0.20 -2.12+0.07 -5.25+0.08 









3.76+0.30 -2.42+0.07 -5.70+0.05 













Table IX. Difference in the Chemical Potential Between 
the Crystalline and Liquid Phases for the Transition 
Metal Ions (Kilocalories). Cont'd. 
Composition Two 
Mineral Cr Fe Co Ni Cu 
Olivine 1.61+0.10 5.60+1.10 -4.57+0.06 
Olivine 2.05+0.48 -1.52+0.'08 -4.71+0.06 4.89+0.58 
Olivine 1.06+0.36 -2.10+0.12 -5.03+0.05 3.78+0.20 









Table IX. Difference in the Chemical Potential Between 
the Crystalline and Liquid Phases for the Transition 
Metal Ions (Kilocalories). Cont'd. 
Composition Three 
Mineral Cr Fe Co Ni Cu 
Olivine -0.62+0.11 
Olivine 4.00+0.32-1.41+0.08 -4.67+0.11 
Spinel 1.19+0.09-1.68+0.01 -4.95+0.12 
Olivine 3.04+1.15 3.88+0.32-2.02+0.07 -4.90+0.14 
Spinel -16.66+0.01 1.58+0.09-2.15+0.08 -5.34+0.09 
Olivine 1.07+0.80 3.66+0.50-2.17+0.07 -5.31+0.09 











Table IX. Difference in the Chemical Potential Between 
the Crystalline and Liquid Phases for the Transition 
Metal Ions (Kilocalories). Cont'd. 
Composition Four 
Mineral Cr Fe Co Ni Cu 
Pyroxene -2.43+0.59 4.00+0.31 0.28+0.18 -1.94+0.09 
Pyroxene -4.31+0.53 3.48+0.29 -0.19+0.12 -2.74+0.10 
Pyroxene -4.74+0.35 3.02+0.25 -0.77+0.12 -3.02+0.10 
Spinel -20.69+0.02 
Composition Five 
Pyroxene -2.24+0.44 2.73+0.62 -2.05+0.14 
Pyroxene -4.01+0.40 3.48+0.18 -2.73+0.21 







Table IX. Difference in the Chemical Potential Between 
the Crystalline and Liquid Phases for the Transition 
Metal Ions (Kilocalories). Cont'd. 
Composition Six 
Mineral Cr Fe Co Ni Cu 
Spinel -16.74+0.47 -1.67+0.24 -2.50+0.25 
Spinel -14.58+1.52 -2.24+0.24 -2.85+0.17 





elements used in this study. Microprobe analyses of this 
mineral indicate its composition to vary only a few percent 
about the theoretical value of 57.3% MgO and 42.7% Si02 
(See Appendix B) . 
a. Nickel in Olivine. 
The incorporation of Ni2+ into the olivine lattice 
occurs with its depletion in the liquid melt thus giving a 
negative change in chemical potential for transition from 
the melt to the crystal (Table IX). The ratio of the Ni2+ 
concentration in the olivine to its concentration in the melt 
is approximately 5:1 at 135QOC and varies little with compo-
sition of the melt. As shown in Table VIII, however, the 
partition function is temperature dependent. The temperature 
dependence of the partition coefficients and chemical poten-
tials are discussed in a later section. 
(1). Composition One. 
In composition one olivine is present at all crystal-
lization temperatures. The difference in chemical potential 
for Ni2+ between olivine and the liquid phase is 5.3 kcal 
at 135QOC for which the ratio between the two phases is 5.09. 
In a magma of this composition the nickel ion would be large-
ly removed from the melt and separation of the two phases dur-
ing later stages of crystallization would effectively remove 
the Ni2+ from consideration in the crystallization process. 
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As the distribution ratio increases with decrease in temp-
erature, however, re-equilibration with olivine at a lower 
temperature would more efficiently remove the nickel. 
(2). Composition Two. 
Composition two was chosen to allow the crystallization 
of olivine, only, over a large range of temperature. Again 
Ni2+ is preferentially incorporated into the olivine lattice 
at the expense of the liquid phase. As shown in Table IX the 
free energy difference between the crystalline and liquid 
phases (13SOOC) is -5.0 kcal indicating that the substitu-
tion reaction of replacing Mg2+ with Ni2+ takes place with 
a large equilibrium constant. The ratio of Ni 2+ in the solid 
and liquid phases is again about 5. 
(3). Composition Three. 
In composition three olivine begins crystallizing at 
about 1470oc and continues to crystallize along the olivine-
spinel and olivine-anorthite binary curves. The potential 
difference between liquid and melt is -4.9 kcal at 13sooc 
again indicating enrichment of Ni2+ in the olivine and its 
subsequent depletion in the melt. The ratio of nickel between 
the two phases is 5.9 at 1350°C. 
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b. Cobalt in Olivine. 
Substitution of co2+ into the olivine lattice from the 
melt occurs with decrease in its chemical potential. The data 
in Tables VIII and IX indicate that even though Co2+ enters 
the olivine lattice depleting the liquid of cobalt it does 
not do so as readily as does nickel. The ratio of Co2+ in 
the olivine to its concentration in the liquid is about 2. 
This ratio increases with decrease in temperature i.e. the 
temperature coefficient is negative as is that of nickel. 
(1). Composition One. 
In composition one the Co2+ content of the olivine and 
liquid phases gives a free energy value of -2.1 kcal at 
13SOOC. The ratio of the cobalt concentration between the 
two phases is 1.9. The melt is therefore depleted of co2+ 
with crystallization of olivine especially if equilibration 
occurs at lower temperatures. 
(2). Composition Two. 
For the olivine crystallized from composition two Table 
IX shows the values of the free energy differences again to 
be in favor of enrichment of olivine with cobalt. The ratio 
of co2+ between the olivine and liquid is 1.9 (13SQOC) giving 
a free energy difference of -2.1 kcal. The result is the 
depletion of co2+ in the liquid. The temperature coefficient 
is also negative for this composition. 
(3). Composition Three. 
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Table VIII again illustrates the enrichment of co2+ in 
the olivine. For this composition the free energy difference 
between the olivine and liquid is -2.0 kcal at 13sooc. 
Of particular interest is that at 13QQOC the concentration 
of Co2+ in the melt is increased by the crystallization of 
anorthite yet the co2+ ratio between the olivine and melt is 
as expected for 1300°C. No attempt was made to analyze the 
anorthite. 
(4). Composition Six. 
Composition six was chosen for the incorporation of 
several ions simultaneously. Table VIII shows that of the 
ions included Co2+ was the only one to be incorporated into 
the olivine lattice in quantity. The change in the chemical 
potential at 135ooc is -2.1 kcal. A lack of precision of 
temperature control for this composition, however, precludes 
the comparison of these results to those of the other compo-
sitions. 
c. Iron in Olivine. 
Contrary to the general concepts of many geologists, 
but in agreement with experimental results of Bowen and 
Schairer, 1935, the free energy difference between olivine 
and the melt is unfavorable to the replacement of magnesium 
by iron in the olivine lattice; i.e. the free energy differ-
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ence between the olivine and liquid is positive. In all 
synthetic melts prepared in this study the free energy 
differences are large positive values for incorporation of 
iron into the olivine lattice. As the system was unbuffered 
with respect to its atmosphere (under air) the Fe2+jFe3+ 
ratio was uncertain although approximate calculations indi-
cated it to be about 8.5. Determination of this ratio by 
measurement of the magnetic moment demonstrated it to be 9.2. 
Assuming that only Fe2+ enters the olivine the ratio Fe~+; 
Fe~+ can be calculated using the relation 
Fe2+jFe2+ = c m A+l A(Cm/Cc)-1 
where A is the Fe2+jFe3+ ratio in the original glass and 
Cm/Cc is the ratio of iron concentrations between the melt 
and crystal as determined by the microprobe. This method 
yields an Fe6+/Fe~+ ratio equal to 0.32 and a difference in 
the chemical potential of 3.7 kcal at 135ooc (Composition 1). 
(1). Composition One. 
The calculated free energy values in Table IX show 
those of Fe2+ to be large positive values between the melt 
and olivine. The data also indicate that as the temperature 
decreases the free energy difference becomes more in favor 
of entrance of Fe2+ into olivine. The distribution coeffi-
cient, however, remains in favor of retention of iron in 
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the melt. An increase of the Fe2+ content of olivine at 
lower temperatures is therefore due both to an increased 
concentration in the melt and a negative temperature 
coefficient. 
(2). Composition Three. 
Following the data for the other compositions Table VIII 
again indicates a large positive difference in the chemical 
potential between the melt and olivine and retention of iron 
in the melt. 
(3). Composition Six. 
The difference in the chemical potential for iron 
between the olivine and melt is 4.3 kcal (13SQOC). 
As noted previously, however, the lack of precision of 
temperature of this composition prevent its comparison with 
the other compositions. The data again indicate failure of 
iron to enter the olivine lattice. As is demonstrated later, 
however, iron does enter the spinel structure more readily. 
d. Manganese in Olivine. 
The entrance of Mn2+ into the olivine lattice does 
not readily occur as the manganese ion tends to enrich in 
the melt. This is indicated by the results for composition 
one crystallized at 13QQOC and 135QOC. At 13sooc Table VIII 
gives a partition factor of 0.58 between olivine and the 
melt. As with other ions the partition increases with 
decrease in temperature. 
e. Chromium in Olivine. 
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The placing of Cr3+ in olivine does not readily occur 
as the reaction has a positive free energy. The data demon-
strate, however, that the equilibrium constant for the 
reaction is larger than for Mn2+. 
(1). Composition One. 
In composition one the difference in chemical potential 
between olivine and the melt favors the retention of cr3+ 
in the liquid phase. At 135QOC the partition function is 
0.58 giving a free energy difference of 1.7 kcal. Compared 
to Fe2+ in the structure cr3+ is abundant, the cr3+jFe2+ ratio 
being about 3:1. Temperature data indicate this ratio to be 
approximately constant as the temperature varies. 
(2). Composition Two. 
In synthetic melt two the ability of cr3+ to enter the 
olivine lattice is again shown to be limited but is slightly 
increasing with decrease in temperature. The data of Table 
VIII indicate the partition of cr3+ between olivine and the 
melt to parallel that of composition one. 
(3). Composition Three. 
The cr3+ enters the olivine in composition three as 
the free energy values closely parallel the values in the 
melt of composition two. Again the ratio of Cr3+ and Fe2+ 
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is about 3:1 in the olivines. The values obtained at this 
composition are somewhat surprising because, as shown later, 
the associated spinel readily incorporates cr3+ in competi-
tion with the olivine. The melt is essentially depleted of 
cr3+. 
f. Copper in Olivine. 
The available data indicate that in all compositions 
and at all temperatures cu2+ remains in the liquid phase 
entering the olivine structure in about the same quantity 
as does Fe2+. Although cu2+ enters the olivine structure to 
a limited degree the difference in chemical potential 
between the melt and crystal is always a large positive 
value. Its value is 3.8 kcal at 1350°C in composition two. 
Only the analytical data for copper in olivine of com-
position two is presented as this appears to be the only 
reliable data obtained. 
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2. Trace Elements in Pyroxene and Spinel. 
The magnesian silicate "enstatite" (MgSio 3) was crys-
tallized from three different compositions and at several 
temperatures. In compositions four and five pyroxene is 
crystallized alone, but occurs with olivine in composition 
one. Its composition, as determined by microprobe analysis, 
approximates the theoretical value of 40.1% MgO and 59.9% 
Si02 (Appendix B) . Examination of the crystalline products 
by x-ray diffraction indicates the two polymorphs proto-
enstatite and clinoenstatite to be present. With most of 
the trace elements, however, there appears to be little or 
no preference for either polymorph. This observation is not 
true in the case of cr3+. 
a. Nickel in Pyroxene and Spinel. 
Tables VIII and IX show that the chemical potential 
of Ni2+ in the pyroxene lattice is less than in the melt 
thereby giving a negative free energy of substitution of 
Ni2+ into the lattice with subsequent depletion in the melt. 
The ratio of the Ni2+ concentration in the pyroxene to its 
concentration in the melt is about 2. 
The data of Table VIII indicate that Ni2+ is also 
readily taken into the spinel lattice in greater quantity 
than by the pyroxene. The ratio of the Ni2+ content of 
spinel and pyroxene is about 2.5. 
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(1). Composition One. 
The data of Table VIII indicate Ni2+ to be preferential-
ly incorporated into the pyroxene lattice. The ratio of 
nickel in the pyroxene to its concentration in the melt is 
about 1.7 giving a free energy difference between the two 
phases of -1.7 kcal at 13sooc. 
The pyroxene crystallized in composition one is both 
protoenstatite and clinoenstatite. The analytical data indi-
cate , however, that there is little or no difference between 
the ability of these two phases to incorporate Ni2+. 
The temperature dependence of the reaction between the 
pyroxene and melt phases is also shown by the table. 
(2). Composition Three. 
Spinel was crystallized from composition three at 13SQOC 
and 14oooc, with incorporation of the ion Ni2+ into its 
lattice. The data of Table VIII indicate the spinel structure 
to incorporate the nickel ion about as readily as does oliv-
ine, the free energy difference between liquid and spinel 
being about -5.4 kcal at 13sooc. 
(3). Composition Four. 
Pyroxene crystals were obtained from this melt at 
temperatures from 13oooc to 14oooc. Tables VIII and IX 
indicate Ni2+ to be incorporated into the pyroxene lattice 
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in concentrations similar to those in composition one vary-
ing from about 0.70% at 14oooc to about 0.66% at 13oooc. 
The ratios between the crystals and melt varies from 1.8 to 
2.6 at these temperatures. 
(4). Composition Five. 
Composition five was selected for this study to allow 
the crystallization of pyroxene over a large temperature 
range without the interference of olivine. 
Table VIII indicates the enrichment of Ni2+ in the 
pyroxene of this composition. At 13500C the difference in 
the chemical potential between the pyroxene and liquid is 
-2.7 kcal. The data also indicate negative variation in the 
chemical potential with temperature. The Ni2+ , however, 
would be largely removed from the liquid at the higher as 
well as the lower temperatures. 
b. Cobalt in Pyroxene and Spinel. 
The data in Tables VIII and IX indicate that co2+ enters 
the pyroxene structure, but much less than does Ni2+. The 
ratio of Ni2+ to Co2+ is approximately 1.5 in pyroxene. 
The data on spinel indicates its structure to take up 
cobalt more readily than does pyroxene or olivine. The ratio 
of the co2+ concentration in spinel to its concentration in 
pyroxene is about 2. 
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(1). Composition One. 
The ratio of the concentration of co2+ between the 
pyroxene and liquid phases of this composition is 1.03 at 
13500C. The calculated difference in the chemical potential 
between the two phases is -0.09 kcal at this temperature. 
As has been indicated for the other ions the temperature 
coefficient is again negative. 
(2). Composition Three. 
The spinel crystals of composition three contain cobalt 
concentrations comparable to the cobalt concentrations in 
the olivines. The data in Table IX indicate the difference 
in chemical potential between the liquid and the spinel to 
be -2.2 kcal at 1350 C corresponding to a partition coeffi-
cient of 1.95. The ratio of the cobalt concentration between 
the olivine and spinel is one. 
(3). Compositions Four and Five. 
Table VIII indicates the cobalt concentration in pyrox-
ene to be less than in the crystals of olivine and spinel. 
These concentrations are similar to those in the pyroxene 
of other melts. The difference in the chemical potential is 
less than one kilocalorie. The corresponding concentration 
ratio between the pyroxene and melt is 1.06 at 135ooc. 
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(4). Composition Six. 
As in other studied compositions the cobalt is favor-
ably incorporated into the spinel structure as the chemical 
potential of Co2+ decreases. The potential differences 
between the melt and crystalline spinel phase is of the 
order of -2.5 kcal at 13sooc. 
c. Iron in Pyroxene and Spinel. 
The reluctance of olivine to incorporate the Fe2+ is 
repeated with pyroxene. Table IX indicates the free energy 
data to be more in favor of Fe2+ entering the pyroxene 
lattice than the olivine lattice but the difference is small. 
Spinel does, however, incorporate Fe2+ into its lattice, the 
free energy values being of the order of -1.6 kcal in favor 
of the Fe2+ entering the spinel from the melt. For both 
spinel and pyroxene the temperature coefficient is negative. 
(1). Composition One. 
The free energy data of Table IX indicates the failure 
of Fe2+ to enter the pyroxene structure, the values being 
approximately 3.7 kcal. The ratio of Fe2+ between pyroxene 
and the melt is 0.32. As with the crystallization of oli-
vine the Fe2+ remains and is concentrated in the liquid. 
(2). Composition Three. 
The difference in the chemical potential between spinel 
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and the melt is almost -1.6 kcal in favor of the spinel 
giving an Fe2+ ratio between the two phases of 1.63 at 
135QOC. Thus, as spinel crystallizes the iron is removed 
from the liquid. With large enough iron concentrations 
FeAl204 or FeFe204 (Fe304) would crystallize. As Fe3+ ions 
are present some of the iron in the spinel is probably 
present in the octahedral positions while the remainder 
is present as Fe2+. 
(3). Compositions Four and Five. 
The pyroxene in these melts again reluctantly incor-
porates Fe2+ into its structure. The chemical potential 
difference between the crystalline pyroxene and the liquid 
is about 3.5 kcal and iron concentrates in the melt. 
(4). Composition Six. 
The spinel crystals of composition six readily include 
iron in their structure as is indicated by the free energy 
value of -1.6 kcal in Table IX. As discussed in the para-
graph on composition three iron can be placed in both the 
tetrahedral and octahedral coordination sites in spinel. 
d. Manganese in Pyroxene. 
The ability of manganese to enter the pyroxene structure 
parallels that of iron, the Mn2+ remaining largely in the 
melt phase. As with iron this substituting ability increases 
with decrease in temperature but at 135QOC the pyroxene 
- melt ratio in composition one is 0.62. 
e. Chromium in Pyroxene and Spinel. 
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The ability of cr3+ to enter the pyroxene structure is 
indicated by the data of Tables VIII and IX. The data show 
that cr3+ enters the pyroxene in greater quantity than does 
any other ion present in trace amounts. Parallel incorpora-
tion of cr3+ and Al3+ (Fig.3) suggests that the presence 
of Al 3+ and its substitution for Si4 + permits substitution 
of cr3+ into the lattice. 
The wide spread of data for this ion indicates a differ-
ence in the amount of cr3+ to be accepted by the protoensta-
tite and clinoenstatite structures. In all compositions 
crystallizing pyroxene there appears a complete range from 
protoenstatite to clinoenstatite. In those compositions con-
taining cr3+ large variations in the amount of cr3+ contained 
in the crystals occur. A graph of the cr3+ content vs Al 3+ 
content shows a linear relationship between the two ions. 
Similarly, a graph (not included here) of Al3+ vs Si4+ is 
linear but with a large amount of scatter. 
The incorporation of cr3+ into spinel occurs with a 
large decrease in free energy as it replaces a large percent-
age of the Al3+ ions. It is apparent that the free energy of 
formation of the compound MgCr204 is much less than that of 
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Fig. 3. variation of cr3+ with A13+ content of pyroxene. 
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MgAl204 and essentially all of the chromium ion is removed 
from the melt. 
(1). Composition One. 
(a). Chromium in Pyroxene. 
The data for composotion one in Table VIII give a 
ratio of Cr3+ between the crystalline pyroxene and melt 
of 4.80 indicating the ready depletion of the melt phase 
of its Cr3+ content whenever pyroxene crystallizes. This 
ratio corresponds to a change of chemical potential of 
-5.1 kcal at 13500C. Comparing this ratio with those of 
the other compositions it shows little difference and 
appears to correspond with that for protoenstatite. 
(b). Chromium in Spinel. 
Referring to Tables VIII and IX it is seen that a 
spinel composition has been included where spinel normally 
should not be found under equilibrium conditions. Spinel 
is found in composition one only when cr3+ is the trace 
ion. Assuming equilibrium the presence of spinel implies 
a significant alteration in the anorthite-forsterite-silica 
system with introduction of trace quantities of cr3+. 
Therefore, to test the equilibrium of this point, compo-
sition 3 with cr3+ was again crystallized at 13000 and 
13500C both by crystallizing from the vitreous state and 
by crystallizing a sample which had been 
66 
crystallized at 1250°C. The experiment was run for 72 hours. 
The results for both samples were identical and both again 
contained cr3+ bearing spinel together with olivine and pyrox-
ene. The experiment was repeated again together with composi-
tions three and four with cr3+ and the run was for 96 hours. 
Again spinel appeared out of its normal position, When run 
for 24, 72, and 96 hours the spinel crystals increased in 
size with increase in run time. The melt crystallized at 
14QQOC (melts 1 and 4) contained no spinel. Although it is 
difficult to prepare a cr3+ containing glass without forma-
tion of spinel octahedra these experiments indicate that the 
presence of cr3+, even in trace quantities, extends the 
boundaries of the spinel field and modifies the relationships 
between the cr3+ containing spinel and the cr3+ containing 
pyroxenes. The alteration of this system is seen in other 
compositions also. 
(2). Composition Three. 
The cr3+ content of the spinel of composition three is 
comparable to that of the other spinel containing compositions. 
Again the spinel incorporates a very large percentage of the 
cr3+ as crystals of approximately the composition MgCrAl04 
crystallize. These crystals are found at 14QOOC, 135ooc, and 
13QOOC. At 13000 the spinel is again displaced from the normal 
spinel field but occurs with olivine and incipient anorthite. 
67 
As with composition one the experiment was repeated for 96 
hours with increase in size of the spinel crystals. Again 
the ratio of cr3+ in the spinels and in the melt increases 
with decrease in temperature. 
(3). Composition Four. 
(a) Chromium in Pyroxene. 
The data for composition four in Table VIII show a 
single set of values for the partition of cr3+ between 
the pyroxene and melt although, as indicated by the ana-
lytical data in Appendix B, a range of values is included 
between the two extremes. The ratio of the cr3+ content 
between the pyroxene and melt varies from about 4.40 to 
2.86 (l350°C) for protoenstatite and clinoenstatite assum-
ing that the two extreme values represent the cr3+ content 
of each of the two polyrnorphs. 
(b). Chromium in Spinel. 
The crystallization of spinel again occurs in the 
presence of cr3+ although the enstatite field is removed 
from the spinel field. Runs for 24, 72, and 96 hours gave 
results similar to those already described for composition 
one. 
(4). Composition Five. 
The data for composition five shows results similar to 
those for composition four. The cr3+ content of the pyrox-
ene and liquid phases has a ratio about the same as in 
composition four. 
(5). Composition Six. 
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Composition six was cLystallized at about 13sooc and 
1400°C, although as indicated previously, the temperatuLe 
was not well controlled for this mixture. The resulting 
product at 1400°C, however, contained only spinel and that 
at l350°C contained both spinel and olivine. At both 
temperatures the spinel contained large quantities of cr3+. 
The spinel crystals of composition six also contain 
iron and cobalt. The final composition of the spinel is 
(Fe,Mg,Co) (Cr,Fe,Al) 2o4 in which cr3+, Al3+, and Mg2+ 
predominate. 
f. Copper in Pyroxene and Spinel. 
The difficulty with which copper enters pyroxene and 
spinel was indicated by the analytical data. The very low 
copper concentrations, however, precluded the obtaining of 
reproducible results. These data generally indicated the 
pyroxene to admit cu2+ into its structure more readily 
than does olivine. These data have not been included in 
the appendix. 
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F. Variation of the Partition Function with Temperature. 
Figures 4-6 illustrate the variation of the equilibrium 
constant or partition function with temperature for each of 
the transition metals in all crystalline phases. The slope 
of the graph of K vs T has been used to calculate the en-
tropy change associated with the incorporation of the transi-
tion into the crystalline lattice (See Table X) . These 
calculations were made using the equation 
AS =(RT/K) (dK/dT) 
where dK/dT is the average slope of the graph of K vs T 
between l3QQOand l40ooc. The value of AS can then be 
determined at any temperature, T, and its corresponding 
value of K assuming the variation of the heat capacity at 
constant pressure to be negligible over this temperature 
interval. The variation of the slope of the graph indicates 
the change of AS with temperature,in this temperature range, 
to be small. 
These graphs indicate similar values for the change in 
the entropy function of all of the transition metal ions as 
they are placed in the crystal lattice. 
o Comp 1 
• Comp 2 
x Comp 3 
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Table X. 
Entropies of Transition Between the Liquid and Crystalline 
Phases at 135ooc (Cal/deg/mole). 
Composition One 
Cr Fe Co Ni Cu Mn 
Olivine 9.4 13.1 6.7 




-10. -7. 10.6 12.8 17.7 
Composition Three 
Olivine 9.2 9.9 
Spinel 51.2 7.9 9.6 9.9 
Composition Four 
Pyroxene 20.9 7.6 11.0 11.6 
Composition Five 
Pyroxene 32.1 20.9 15.5 
Composition Six 
Spinel 43.5 11.3 8.0 
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G. Variation of the Free Energy with Atomic Number. 
The graph of the free energy changes of the ions between 
the melt and the crystalline phases plotted as a function of 
atomic number (figs. 7-10) demonstrates relationships simi-
lar to those discussed in the section on ligand field theory 
(See fig.l). The implication is that the measured values of 
AG reflect the crystal field stabilization energies. The 
difference between the calculated values and the values for 
the oxides listed in Table II are due to the stabilization 
of the ions in the melt, i.e. the measured or calculated 
values of the stabilization energies are the differences in 
the energies of stabilization between the melt and the crystal 
structure. Therefore, by measuring the stabilities of the 
ions in the liquid or glass and then in the crystal, the 
differences should more nearly be reflected by the values 
of AG herein calculated. This difference is therefore not 
only a function of the lattice position and mineral but also 
the composition of the melt. It can be anticipated that if 
the melt contains hydroxyl, hydronium, or alkali metal ions 
to break up the silica network in the melt then the stabili-
zation afforded in the melt will be reduced and the ratio of 
transition ions between the crystals and melt will increase. 
The ratios of trace element concentrations between the crys-






































Ca Sc Ti v Cr Mn Fe Co Ni Cu 
Fig.7. Chemical Potential Difference Between Melt and 
Olivine and Pyroxene of Composition One as a 












































Mn2+ from comp. 1. 
• ·~. 
* 
ca sc Ti v Cr Mn Fe Co Ni Cu 
Fig.8~ Chemical Potential Difference Between Melt and 









































ca Sc Ti v Cr Mn Fe Co Ni 
Cu Zn 
Fig.9. Chemical Potential Difference Between Melt and 
Spinel of Composition Three and Six as a Function 






































Mn2+ from c:~~~~ 1-
0 
1-
Ca Sc Ti v Cr Mn Fe Co Ni Cu 
Fig.lO. Chemical Potential Difference Between Melt and 
Pyroxenes of Compositions Four and Five as a 




Calculation of the stabilization afforded by the liquid 
or glass can be made by measurement of the absorption spec-
tra of the glass (Orgel, 1960). A similar measurement on the 
crystal would give a difference corresponding to the stabili-
zation of the ion between the melt and crystalline phases. 
VI. Summary and Conclusions. 
The measurement of the trace element concentrations 
in the crystalline and liquid phases of the system anor-
thite-forsterite-silica has permitted a determination of 
the relative ease with which the respective ions enter 
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the crystalline lattices from the melt. It is apparent that 
the order in which the dipositive ions most readily enter 
the lattices of olivine, pyroxene, and spinel is Ni2+, co2+, 
Mn2+, Fe2+, and cu2+. 
Although it was anticipated, the increase in the con-
centration ratio between the crystalline and liquid phases 
with decrease in temperature leading to increased fraction-
ation of all the trace elements at lower temperatures was 
the most significant finding. With the exception of nickel 
in olivine this corresponded to an increase in the trace 
element content of the mineral phase. In the case of nickel 
the quantity of the trace element decreased although the 
concentration ratio between olivine and the melt increased 
with decrease in temperature. 
The increase in trace element content of the crystal-
line phases at lower temperature results from 
(1) a higher concentration of the trace element in the 
melt whenever Cc/Cm<l; 
(2) a negative entropy function. 
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Whenever Cc/Crn>l the value of ern decreases as crys-
tallization continues, therefore an increase of Cc at lower 
temperatures requires a large negative entropy change between 
the melt and crystalline phases. In the case of Ni2+ in oli-
vine cited previously, the change in the entropy function is 
not sufficient to offset the decrease in the Ni2+ content of 
the melt. 
It is also noted that Ni2+ and co2+ enter the structure 
of olivine more readily than that of pyroxene while there 
appears to be a slight preference for pyroxene by Fe2+, Mn2+, 
and cu2+. None of these ions, however, appears to prefer 
proto- or clinoenstatite over the other. cr3+, however, enters 
the pyroxene structure in greater quantity than the other 
ions and exhibits a distinct preference for clinoenstatite. 
A corresponding increase in the Al3+ content of the pyroxene 
as the cr3+ content increases indicates that the presence of 
cr3+ alters the equilibrium between Al3+ and si4+ thus per-
mitting an increased replacement of silicon by aluminum when-
ever the charge deficit can be made up. Also, it is of inter-
est that the si4+_Al3+ equilibrium changes with temperature. 
The data indicate that at l3000c approximately 0.036 mole of 
Cro 1~ enters the pyroxene as each 0.157 mole of Al01~ enters. 
At l3500C approximately 0.088 mole Al01~ enters the pyroxene 
together with 0.036 mole crol~· This relationship appears to 
hold true for proto- and clinoenstatite although the proto-
clino- transition is more significant to the total amount 
of Al3+ to be incorporated into the structure. It is also 
of interest that the graph of cr3+ vs Al3+ at l300°c and 
at l350°C converge at about 1.4% Al203 and 0.43% Cr203 
suggesting that the polymorph corresponding to these lower 
percentages is less sensitive to temperature. 
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The high cr3+ content of the spinels indicated the 
ease with which chrornite (rnagnesiochrornite) could be formed 
with only minor concentrations of cr3+. In terms of the 
total composition of the system the chrornites can be 
formed in a melt from which olivines and/or anorthites are 
crysta~lizing. The appearance of the chromium rich spinel 
outside of its normal field, while further supporting the 
above considerations, indicates the modification of simple 
silicate systems by trace amounts of certain ions and that 
the simple systems are not directly comparable to nature. 
Furthermore, the apparently contiguous relationship between 
the chromium spinels and pyroxenes suggests that high Al3+ 
spinels and high Al3+ pyroxenes may be related by the corn-
position of the system. 
The determination of an approximate entropy function 
for entry of each trace element into the separate lattices 
from the melt permits 
(l) the determination of the temperature at which one 
of these minerals will have a specified trace element con-
tent relative to the other minerals. 
(2) the change in fractionation between the crystal 
and melt phases as a function of temperature. 
83 
(3) the statement that the ratio of the nickel content 
of olivine and pyroxene is one of the best indicators of 
temperature since there is a large divergence of the K vs 





An Example of X-ray Count Data and the Corresponding 
Analysis and Computation of Difference in Chemical Potential 
Between the Crystalline and Liquid Phases. 
Pyroxene 4 cr3+ 14000C 
Element Si Cr Al Ca Mg 
Peak Counts 114195 1157 9004 909 173164 
113919 1167 8822 914 172820 
Background 393 223 1102 151 666 
242 253 883 156 1285 
Calculated 
Oxide Wt. % 57.65 0.76 1.59 0.33 39.60 
No. Moles (24 0) 7.766 0.091 0.253 0.047 7.951 
Liquid 4 cr3+ 14000C 
Element Si Cr Al Ca Mg 
Peak Counts 116273 537 63718 17424 92021 
116356 589 64056 17427 92293 
Background 391 255 2731 146 627 
238 213 1018 600 1328 
Calculated 
Oxide Wt. % 57.67 0.27 12.00 6.86 22.26 
No. Moles (24 0) 7. 805 0.033 1.914 0.995 4.491 
Standards 
Enstatite ( 24.2% Mg I 28.0% Si) 
Element Si Mg 
Peak Counts 118542 176448 
119386 176631 
Background 321 767 
382 1661 
Standards (Cont.) 
Chromite 10 ( 17.2% Cr) Anorthite (14.4% ca, 19.4% Al) 
Element Cr Ca Al 
Peak Counts 34561 48339 21232 5 
34647 48443 212186 
Background 367 212 1229 
407 952 2899 
Calculation of Difference in Chemical Potential Between 
Crystalline and Liquid Phases. 
G = -RT Ln Cc/Cm 
= -1.987*16730K*Ln 
= -1.987*16730K*Ln 







MICROPROBE ANALYSES OF CRYSTALLINE AND LIQUID PHASES 
Olivine 1 Mn 2+ 1350°c 
Oxide Weight Percent 
Si02 43.39 43.20 43.17 43.41 43.27 45.33 43.41 42.84 43.36 43.09 
MnO 0.37 0.36 0.37 0.38 0.36 0.36 0.36 0.37 0.37 0.36 
MgO 58.82 58.98 58.85 58.51 58.51 56.76 58.97 58.35 58.85 58.94 
CaO 0.19 0.18 0.17 0 .16 0.15 0.16 0.17 0.17 0.16 0.17 
Al2o3 0.05 0.14 0.04 0.02 0.08 0.05 0.06 0.04 0.03 0.10 
Total 102.82 102.86 102.60 102.77 102.55 102.66 102.96 101.76 102.77 102.66 
No. Moles on Basis of 24 Oxygens 
Si 5.948 5.922 5.933 5.953 5.946 6.188 5.943 5.935 5.947 5. 920 
Mn 0.043 0.042 0.043 0.044 0.042 0.042 0.042 0.043 0.043 0.042 
Mg 12.020 12.053 12.056 12.022 12.026 11.548 12.035 12.051 12.032 12.070 
Ca 0.028 0.027 0.056 0.023 0.021 0.023 0.024 0.025 0.024 0.024 
Al 0.008 0.023 0.007 0.003 0.013 0.007 0.009 0.007 0.005 0.016 
Cc/Cm 0. 59 0. 57 0. 59 0.60 0.57 0.58 0.57 0. 59 0.59 0.57 
00 
00 
Pyroxene 1 Mn2+ 1350°c 
Oxide Weight Percent 
Si02 59.91 59.87 59.96 60.22 60.36 60.28 60.36 60.28 60.36 60.40 
MnO 0.42 0.40 0.35 0.32 0.36 0.34 0.45 0. 34 0.33 0.31 
MgO 39.59 39.41 39.95 39.80 40.13 40.20 39.87 39.96 39.78 39.24 
CaO 0.35 0.39 0. 34 0.41 0.35 0.31 0.35 0.37 0.34 0.35 
Al203 1.13 1.43 1.33 1.41 1.37 0.71 1.10 1.42 0.91 1.15 
Total 101.39 101.51 101.93 102.16 102.55 10o.84 102.13 102.36 101.72 101.44 
No. Moles on Basis of 24 Oxygens 
Si 7.919 7.905 7.886 7.899 7.934 7.923 7. 905 7.932 7. 90 5 7.899 
Mn 0.047 0.045 0.039 0.036 0.037 0.038 0.050 0.038 0.037 0.035 
Mg 7.801 7.756 7.833 7.781 7.818 7.887 7.800 7.770 7.838 7.838 
Ca 0.050 0.055 0.048 0.058 0.049 0.044 0.049 0.052 0.048 0.049 
Al 0.176 0.223 0. 206 0.218 0.211 0.110 0.170 0. 220 0.141 0.178 















Liquid 1 Mn2+ l3S0°c 
Oxide weight Percent 
56.82 56.49 56.68 56.67 56.94 
0.53 0.54 0.53 0. 54 0.53 
19.46 19.50 19.53 19.42 19.42 
7.80 7.84 7.87 7.93 7.88 
14.10 14.00 14.08 14.23 14.27 
98.72 98.37 98.69 98.79 99 .OS 
No. Moles on Basis of 24 Oxygens 
7.731 7.718 7.718 7.710 7.723 
0.061 0.062 0.061 0.062 0.061 
3.948 3.971 3.964 3.938 3.927 
1.137 1.14 7 1.148 1.156 1.146 
2.261 2.255 2.260 2.282 2.281 
1.0 
0 
Olivine 1 Mn2+ 13QOOc 
Oxide Weight Percent 
Si02 43.40 43.40 43.21 43.59 43.08 43.29 43.42 43.24 42.27 43.27 
MnO 0.44 0.42 0.42 0.42 0.41 0.45 0.41 0.40 0.43 0.43 
MgO 58.67 58.60 58.55 58.65 58.79 58.48 58.64 58.57 58.66 58.49 
CaO 0.18 0.17 0.21 0.18 0.17 0.18 0.18 0.18 0.18 0.16 
Al203 0.06 0.06 0.22 0.18 0.11 0.08 0.08 0.10 0.11 0.07 
Total 102.75 102.66 102.61 103.03 102.57 102.31 102.72 102.49 102.64 102.32 
No. Moles on Basis of 24 Oxygens 
Si 5.955 5.959 5.938 5.962 5.924 5.960 5.987 5. 948 5.944 5. 948 
Mn 0.051 0.049 0.049 0.049 0.048 0.052 0.047 0.047 0 .0 50 0.050 
Mg 11.998 11.993 11.991 11.957 12.052 12.002 11.993 12.008 12.010 12.014 
Ca 0.026 0.025 0.031 0.027 0.025 0.027 0.026 0.026 0.026 0.024 
Al 0.010 0.010 0.035 0.030 0.018 0.013 0.013 0.016 0.017 0.011 
Cc/Czn 0.67 0.64 0.64 0.64 0.63 0.67 0.62 0.62 0.65 0.65 
\.0 
1--' 
Pyroxene 1 Mn2+ 13oooc 
Oxide Weight Percent 
Si02 60.16 59.65 59.64 59.90 59.55 60.26 60.29 59.81 59.76 59.57 
MnO 0.39 0.48 0.45 0.49 0.36 0.36 0.39 0.48 0.47 0.51 
MgO 39.90 39.41 39.22 39.35 39.64 39.43 39.50 39.26 39.38 39.09 
cao 0.38 0.42 0.42 0.39 0.37 0.40 0.46 0.43 0.42 0.38 
Al203 1.69 1.10 1. 71 1.09 1.08 1. 57 1.39 1.47 1. 78 1.60 
Total 102.51 101.05 101.44 101.21 101.00 102.02 102.02 101.44 101.82 100.15 
No. Moles on Basis of 24 Oxygens 
Si 7.863 7.911 7.882 7.933 7. 905 7.912 7.919 7.904 7.870 7.895 
Mn 0.044 0.054 0.050 0.054 0.041 0.041 0.043 0.053 0.052 0.057 
Mg 7.798 7. 808 7.726 7.768 7. 845 7.717 7.733 7.735 7.733 7.723 
Ca 0.053 0.059 0.060 0.056 0.052 0.056 0.064 0.060 0.059 0.054 
Al 0.260 0.171 0.266 0.170 0.168 0.242 0.215 0. 230 0.277 0. 250 














Liquid 1 Mn2+ 13000C 
Oxide Weight Percent 
55.27 55.16 55.50 55.42 55.41 
0.54 0.56 0.53 0.55 0.56 
16.01 16.02 16.03 16.09 16.12 
9.78 9.74 9.78 9.83 9.72 
17.46 17.43 17.41 17.54 17.49 
99.07 98.90 99.25 99.42 99.29 
No. Moles on Basis of 24 oxygens 
7.528 7.525 7.543 7.522 7.528 
0.062 0.064 0.061 0.063 0.065 
3.250 3.257 3. 24 7 3.256 3.264 
1.428 1.424 1.424 1.429 1.415 
2. 803 2. 803 2.789 2.805 2. 801 
1.0 
w 
Olivine 1 Fe2+ 1400°c 
Oxide Weight Percent 
Si02 42.56 42.80 42.28 42.56 42.17 42.48 42.62 42.50 42.59 42.76 
FeO 0.18 0.18 0.16 0.17 0.19 0.18 0.17 0.19 0.18 0.17 
MgO 58.94 58.99 58.99 58.76 58.73 58.82 58.97 58.95 58.88 58.79 
CaO 0.16 0.16 0.15 0.16 0 .16 0.14 0.16 0.15 0.17 0.18 
Al203 0.03 0.03 0.02 0.04 0.02 0.02 0.01 0.01 0.06 0.07 
Total 101.86 102.16 101.60 101.70 101.26 101.63 101.93 101.80 101.88 101.96 
No. Moles on Basis of 24 Oxygens 
Si 5.992 5.906 5.871 5.902 5.876 5.895 5.896 5.889 5.896 5.911 
Fe 0.021 0 .0 21 0.018 0.020 0.022 0.021 0.020 0.022 0.021 0.019 
Mg 12.164 12.136 12.211 12.144 12.197 12.165 12.162 12.175 12.149 12.116 
Ca 0.023 0.024 0 .o 23 0.024 0.023 0.020 0.023 0.022 0.025 0.027 
Al 0.005 0.005 0.004 0.006 0.004 0.003 0.002 0.002 0.009 0.011 














Liquid 1 Fe2+ 14oooc 
Oxide Weight Percent 
55.12 55.13 55.45 55.10 55.54 
0.60 0.58 0.58 0.55 0.59 
23.05 23.01 23.19 23.12 23.15 
7.43 7.48 7.39 7.45 7.47 
13.39 13.53 13.32 13.23 13.39 
99.59 99.73 99.94 99.45 100 .15 
No. Moles on Basis of 24 Oxygens 
7.485 7.4 76 7.500 7.492 7.498 
0.068 0.065 0.065 0.062 0.066 
4.666 4.651 4.676 4.686 4.659 
1.081 1.087 1.071 1.085 1.081 
2.143 2.163 2.124 2.121 2.131 
~ 
lJl 
Olivine 1 Fe2+ 135ooc 
Oxide Weight Percent 
Si02 42.64 42.54 42.53 42.45 42.38 42.58 42.66 42.30 42.80 42.27 
FeO 0.19 0.22 0.19 0.18 0.21 0. 20 0.21 0.22 0.18 0. 20 
MgO 58.84 58.94 58.91 59.06 58.86 58.90 58.87 58.92 58.88 58.86 
CaO 0.14 0.15 0.14 0.17 0 .16 0.14 0.16 0.15 0.15 0.15 
Al203 0.00 0.02 0.07 0.06 0.02 0.01 0.02 0.03 0.02 0.02 
Total 101.80 101.87 101.84 101.92 101.62 101.83 101.92 101.61 102.04 101.49 
No. Moles on Basis of 24 Oxygens 
Si 5.906 5.891 5.890 5.876 5.883 5.897 5. 902 5.874 5.913 5.876 
Fe 0.021 0.026 0.022 0.020 0.024 0.024 0.025 0.025 0.021 0.023 
Mg 12.147 12.166 12.160 12.188 12.180 12.158 12.141 12.198 12.125 12.198 
Ca 0.020 0.022 0.021 0.025 0.024 0.021 0.024 0.022 0.023 0.022 
Al 0.000 0.003 0.011 0.010 0.004 0.001 0.004 0.004 0.004 0.003 
Cc/Cm 0.25 0.31 0.27 0. 24 0.29 0.29 0.30 0. 30 0.25 0.28 
\0 
0'1 
Pyroxene 1 Fe2+ 135ooc 
Oxide Weight Percent 
Si02 58.83 59.16 59.96 59.72 58.87 59.46 59.21 59.34 59.02 59.50 
FeO 0.19 0.21 0.19 0.17 0.19 0.18 0.21 0.21 0.17 0.19 
MgO 40.06 40.35 40.59 40.75 40.20 40.54 39.78 40.26 40.22 40.56 
CaO 0.32 0.32 0.77 0.30 0.36 0.32 0.32 0.34 0.31 0.32 
Al203 1.00 1.16 1.99 0.89 1.42 1.29 1.19 1.45 1.01 0.87 
Total 100.40101.10103.50101.82101.06101.79100.69101.60100.73101.44 
No. Moles on Basis of 24 Oxygens 
Si 7.860 7.849 7.782 7.866 7.818 7.836 7.880 7.834 7.858 7.868 
Fe 0.021 0.024 0.021 0.019 0.021 0.020 0.023 0.023 0.019 0.021 
Mg 7.978 7.961 7.852 8.000 7.957 7.964 7.892 7.923 7.983 7.994 
ca 0.045 0.046 0.107 0.042 0.052 0.046 0.045 0.048 0.045 0.045 
Al 0.157 0.181 0.304 0.138 0.223 0. 200 0.186 0.225 0.158 0.136 














Liquid 1 Fe 2+ 1350°c 
Oxide Weight Percent 
55.72 55.90 56.10 56.13 55.49 
0.65 0.62 0.62 0.60 0.65 
19.88 19.66 19.64 19.79 19.76 
8.27 8.27 8.23 8.28 8.24 
14.71 14.76 14.81 14.66 14.88 
99.22 99.20 99.41 99.46 99.02 
No. Moles on Basis of 24 Oxygens 
7.577 7.598 7. 607 7.608 7.562 
0.074 0.070 0.070 0.068 0.074 
4.029 3.983 3. 970 3.999 4.014 
1.204 1.204 1.195 1. 203 1.203 
2.359 2.365 2.367 2.342 2.391 
\.0 
()) 
Olivine 1 Fe2+ 13oooc 
Oxide Weight Percent 
Si02 42.80 42.43 42.63 42.77 42.95 42.54 42.59 42.61 42.61 42.68 
FeO 0. 20 0.26 0.25 0.22 0.22 0.23 0.23 0. 20 0. 24 0.23 
MgO 59.13 58.83 59.10 59.35 59.14 59.06 59.33 59.25 59.10 59.33 
CaO 0.16 0.15 0.16 0.15 0.18 0.16 0.15 0.15 0.16 0.16 
Al203 0.10 0.01 0.00 0.00 0.03 0.01 0.03 0.02 0.00 0.02 
Total 102.30 101.68 102.14 102.39 102.51 102.00 102.32 102.23 102.11 102.41 
No. Moles on Basis of 24 Oxygens 
Si 5.900 5.889 5.889 5. 908 5.885 5.874 5.881 5.888 5.880 5.880 
Fe 0.023 0.030 0.029 0.025 0.026 0.024 0.022 0.022 0.024 0.024 
Mg 12.151 12.168 12.168 12.169 12.126 12.178 12.198 12.189 12.174 12.185 
Ca 0.024 0.022 0.024 0.022 0.026 0.024 0.022 0.022 0.024 0.024 
Al 0.002 0.002 0.000 0.004 0.002 0.004 0.003 0.000 0.003 0.002 
Cc/Cm 0.23 0.31 0.30 0.25 0.27 0.27 0.20 0.23 0.29 0.26 
1.0 
\.0 
Pyroxene 1 Fe 2+ 1300°c 
Oxide Weight Percent 
Si02 58.85 58.76 58.82 58.36 59.02 59.12 59.11 58.89 59.03 59.03 
FeO 0. 30 0.27 0.26 0.27 0~28 0.24 0.25 0. 26 0.22 0.28 
MgO 40.37 40.35 40.07 40.24 40.27 40.19 40.29 40.06 40.38 40.38 
cao 0.41 0.34 0.78 0.37 0.31 0.33 0.35 0. 74 0.33 0.34 
Al203 1.73 1. 20 1.52 1.99 1. 35 1. 59 1.82 2.46 1.81 1.48 
Total 101.56 100.91 101.45 101.21 101.23 101.47 101.82 102.46 101.78 101.51 
No. Moles on Basis of 24 Oxygens 
Si 7.772 7.819 7.719 7.946 7.825 7.816 7.791 7.729 7.785 7.808 
Fe 0.033 0.030 0.029 0.029 0.031 0.027 0.027 0.029 0.025 0.031 
Mg 7.960 8.002 7.838 7.961 7.959 7.921 7.916 7.837 7.938 7.960 
Ca 0.059 0.048 0.110 0.053 0.044 0.046 0.049 0.104 0.046 0.049 
Al 0.269 0.188 0.280 0.311 0.211 0. 249 0.283 0.381 0.282 0.230 















Liquid 1 Fe2+ 1300°C 
Oxide Weight Percent 
54.76 54.91 54.73 54.70 54.82 
0.68 0.72 0.71 0.74 0.75 
16.34 16.30 16.30 16.38 16.32 
9.80 9.99 10.09 9.90 9.94 
17.03 17.51 17.60 17.38 17.26 
98.61 99.36 99.43 99.11 99.09 
No. Moles on Basis of 24 Oxygens 
7. 507 7.4 74 7.452 7.468 7.486 
0.078 0.081 0.081 0.085 0.085 
3.340 3.308 3. 309 3.335 3.322 
1.439 1.448 1.472 1.448 1.454 




Olivine 1 co2+ 14oooc 
Oxide Weight Percent 
Si02 42.36 42.02 42.29 42.71 42.39 42.38 42.86 42.72 42.93 43.15 
CoO 0.93 0.95 0.94 0.94 0.94 0.93 0.92 0.93 0.94 0.92 
MgO 58.42 58.82 58.65 58.66 58.76 58.42 58.71 58.89 59 .o 2 58.70 
CaO 0.21 0.19 0.21 0.22 0.22 0. 20 0.19 0. 20 0.17 0.18 
Al203 0.12 0.07 0.11 0.10 0.13 0.13 0.14 0.08 0.11 0.14 
Total 102.04 102.04 102.02 102.63 102.43 102.07 102.80 102.82 103.17 103.09 
No. Moles on Basis of 24 Oxygens 
Si 5.877 5.836 5.861 5.890 5.861 5.878 5.898 5.881 5.889 5.919 
Co 0.104 0.105 0.105 0.104 0.104 0.104 0.101 0.103 0.104 0.102 
Mg 12.082 12.178 12.117 12.059 12.111 12.079 12.043 12.086 12.068 12.001 
Ca 0.031 0.029 0.031 0.032 0.032 0.030 0.028 0.029 0.025 0.026 
Al 0.019 0.011 0.017 0.016 0.022 0.021 0.022 0.013 0.017 0.022 




Liquid 1 Co2+ 14000C 
Oxide Weight Percent 
Si02 53.38 55.89 54.88 55.54 55.75 
coo 0. 50 0.51 0. 50 0.52 0.49 
Mgo 23.30 23.34 23.30 23.27 23.32 
cao 7.28 7.29 7.32 7.33 7.39 
Al 2o 3 13.23 13.25 13.22 13.18 13.22 
Total 99.69 100.29 99.22 99.85 100.17 
No. Moles on Basis of 24 Oxygens 
Si 7.506 7.562 7.4 79 7.516 7.520 
Co 0.054 0.055 0.055 0.057 0.053 
Mg 4.707 4.685 4.733 4.695 4.688 
Ca 1.057 1.052 1.069 1.063 1.068 




Olivine l Co2+ l3S00C 
Oxide Weight Percent 
Si02 42.90 42.81 42.77 43.06 43.07 42.78 42.98 43.08 42.91 42.68 
CoO 1.07 1.03 1.03 1.05 0.99 1.01 1.07 1.02 1.04 1.05 
MgO 58.63 58.48 58.64 58.60 58.03 58.30 58.58 58.34 58.61 58.41 
CaO 0. 20 0. 20 0 .19 0.22 0.18 0.18 0. 20 0.21 0.21 0.21 
Al 2o3 0.09 0.06 0.08 0.07 0.07 0.06 0.04 0.07 0.06 0.05 
Total 102.89 102.58 102.70 103.00 102.34 102.34 102.87 102.72 102.82 102.39 
No. Moles on Basis of 24 Oxygens 
Si 5.903 5. 906 5.895 5.916 5.949 5.915 5.914 5.933 5. 90 7 5. 90 l 
Co 0.118 0.113 0.113 0.116 0.110 0.112 0.118 0.113 0.114 0.116 
Mg 12.025 12.027 12.049 12.004 12.009 12.025 12.014 12.001 12.026 12.038 
Ca 0.029 0.030 0.028 0.032 0.027 0.027 0.029 0.031 0.031 0.032 
Al 0.014 0.010 0.013 0.011 0.011 0.010 0.007 0.011 0.010 0.008 




Pyroxene 1 Co 2+ 1350°C 
Oxide Weight Percent 
Si02 59.18 59.22 59.01 58.78 58.99 59.06 58.79 58.28 59.18 58.99 
CoO 0.53 0.51 0.51 0.50 0.54 0. 50 0.51 0.53 0.53 0. 54 
MgO 40.59 40.38 40.35 40.07 40.42 40.10 40.39 40.23 40.59 40.42 
CaO 0.35 0.40 0.32 0.33 0.31 0.41 0.32 0.36 0.35 0.31 
Al203 1.48 1.36 1.23 1.08 1.11 1.80 0.78 1.40 1.48 1.11 
Total 102.13 101.86 101.43 100.76 101.37 101.87 100.79 100.80 102.13 101.38 
No. Moles on Basis of 24 Oxygens 
Si 7.792 7.815 7.820 7.839 7.824 7.791 7. 843 7.779 7.792 7.824 
Co 0.052 0.054 0.055 0.054 0.057 0.053 0.054 0.057 0.052 0.057 
Mg 7.966 7.943 7.972 7.967 7.991 7.886 8.031 8.004 7.966 7.991 
Ca 0.049 0.056 0.045 0.047 0.044 0.058 0.046 0.051 0.049 0.044 
Al 0.230 0.211 0.192 0.170 0.174 0.280 0.122 0.220 0. 230 0.174 




Liquid 1 Co2+ 1350°C 
Oxide Weight Percent 
Si02 55.63 56.54 56.12 57.86 55.93 
CoO 0.47 0.48 0.45 0.45 0.45 
MgO 19.56 19.63 19.63 19.60 19.63 
cao 8.48 8. 41 8.46 8.45 8.48 
Al203 15.04 15.07 15.0 7 15.01 15.10 
Total 99.18 100.12 99.73 101.37 99.59 
No. Moles on Basis of 24 Oxygens 
Si 7.566 7.607 7.585 7.677 7.572 
Co 0.051 0.052 0.049 0.048 0.049 
Mg 3.965 3.937 3.954 3.875 3.962 
Ca 1. 236 1. 212 1. 225 1.202 1. 203 




Olivine 1 co2+ 130ooc 
Oxide Weight Percent 
Si02 41.77 41.27 41.76 41.74 41.74 41.67 42.41 41.90 41.78 41.39 
coo 1.15 1.17 1.15 1.16 1.18 1.15 1.17 1.11 1.18 1.20 
MgO 58.01 57.97 57.71 57.82 57.61 58.13 58.12 58.19 57.94 57.96 
CaO 0.21 0.21 0.22 0.23 0. 20 0.21 0.21 0.23 0.22 0.21 
Al203 0.09 0.08 0.09 0.07 0.11 0.07 0.04 0.15 0.07 0.08 
Total 101.23 100.70 100.93 101.02 100.84 101.23 101.95 101.58 101.19 100.83 
No. Moles on Basis of 24 Oxygens 
Si 5.851 5.818 5.866 5.859 5.868 5.839 5.894 5.849 5.855 5.826 
Co 0.129 0.133 0.129 0.131 0.134 0.130 0.130 0.125 0.132 0.135 
Mg 12.113 12.181 12.082 12.099 12.073 12.143 12.040 12.107 12.105 12.162 
ca 0.032 0.031 0.033 0.035 0.030 0.031 0.032 0.035 0.034 0.031 
Al 0.016 0.013 0.015 0.012 0.018 0.012 0.006 0.025 0.012 0.013 




Pyroxene 1 Co2+ 13000C 
Oxide Weight Percent 
Si0 2 58.45 58.19 58.05 56.99 57.90 57.64 58.28 57.95 58.20 58.22 
CoO 0.55 0.55 0. 56 0.54 0.57 0.55 0.54 0.59 0.55 0.57 
MgO 40.11 40.24 39.88 39.56 39.79 39.67 39.73 39.98 39.66 39.68 
CaO 0.44 0.41 0.44 0.41 0.45 0.40 0.41 0.41 0.46 0.43 
Al203 1.82 1.78 1.42 1.70 1.70 1. 71 1.44 1.94 1.89 1.69 
Total 101.37 101.17 100.35 99.20 100.42 99.98 100.40 100.86 100.77 100.59 
No. Moles on Basis of 24 Oxygens 
Si 7.757 7.742 7.784 7.735 7.761 7.758 7.805 7.734 7.769 7.784 
Co 0.058 0.058 0.060 0.059 0.061 0.060 0.058 0.063 0.059 0.061 
Mg 7.935 7.980 7.971 8.003 7.949 7.960 7.931 7.953 7.891 7. 909 
Ca 0.063 0.059 0.063 0.059 0.065 0.058 0.059 0.058 0.066 0.061 
Al 0.285 0.279 0.225 0.272 0.269 0.271 0.228 0. 30 5 0.297 0.267 




Liquid 1 co2+ 13oooc 
Oxide Weight Percent 
Si02 54.20 54.26 54.35 54.13 53.66 
CoO 0.44 0.44 0.46 0.45 0.46 
MgO 16.24 16.18 16.20 16.13 16.10 
cao 9.86 9.93 9.94 9.93 9.90 
Al203 17.55 17.54 17.29 17.60 17.44 
Total 98.29 98.36 98.64 98.25 97.57 
No. Moles on Basis of 24 Oxygens 
Si 7.452 7.456 7.478 7.447 7.439 
co 0.049 0.049 0.051 0.050 0.052 
Mg 3.328 3.315 3.323 3. 309 3.327 
ca 1.452 1.462 1.465 1.464 1.4 70 




olivine 1 Ni 2+ 1400°c 
Oxide Weight Percent 
Si02 42.17 42.31 42.25 42.4 7 42.34 42.99 42.70 43.0 7 42.72 42.76 
NiO 2.05 1.97 2.05 2.02 1.99 2.03 2.04 1.95 1.99 1.97 
MgO 55.89 56.01 56.10 55.51 55.98 55.89 56.24 55.43 55.66 55.58 
cao 0.16 0.18 0.16 0.17 0.18 0.17 0.19 0.17 0.18 0.18 
Al203 0.10 0.07 0.06 0.07 0.05 0.05 0.06 0.05 0.09 0.10 
Total 100.39 100.54 100.62 100.23 100.54 101.13 101.23 100.67 100.63 100.58 
No. Moles on Basis of 24 Oxygens 
Si 5.966 5.972 5.963 6.010 5.977 6.027 5.987 6.059 6.018 6.026 
Ni 0.233 0.224 0.233 0.230 0.226 0.229 0. 230 0.221 0.225 0.223 
Mg 11.785 11.786 11.802 11.708 11.780 11.679 11.753 11.623 11.690 11.674 
ca 0.025 0.027 0.024 0.025 0.027 0.025 0.028 0.025 0.027 0.027 
Al 0.017 0.012 0.010 0.011 0.009 0.008 0.010 0.008 0.015 0.016 















Liquid 1 Ni 2+ 1400°c 
Oxide Weight Percent 
56.99 56.95 56.73 56.81 56.91 
0.39 0.42 0.40 0.44 0.43 
22.02 22.08 22.05 22.14 21.92 
7.52 7.43 7.46 7.56 7.59 
9.51 9.38 9.43 9.45 9.49 
95.43 96.27 96.07 96.40 96.34 
No. Moles on Basis of 24 Oxygens 
7.952 7.961 7.947 7.937 7.953 
0.044 0.048 0.045 0.050 0.048 
4. 580 4.600 4.606 4.611 4.565 
1.125 1.113 1.119 1.132 1.137 




Olivine 1 Ni2+ l350°c 
Oxide Weight Percent 
Si02 43.09 43.09 42.97 43.03 43.45 43.01 43.18 43.23 42.97 43.16 
NiO 1.91 1.97 1.82 1.88 1.86 l. 83 1.87 1.90 1.81 1.94 
MgO 56.05 56.19 55.37 55.95 56 .0 l 55.82 56.14 55.97 55.82 56.11 
CaO 0.18 0 .16 0 .16 0.21 0.19 0.17 0.15 0.16 0.16 0 .17 
Al20 3 0.06 0.06 0.06 0.12 0.06 0.05 0.07 0.05 0.06 0.05 
Total 101.29 101.47 100.38 101.20 101.56 100.88 101.42 101.31 100.83 100.43 
No. Moles on Basis of 24 Oxygens 
Si 6.028 6.020 6.059 6.025 6.057 6.038 6.031 6.044 6.035 6.030 
Ni 0.215 0.222 0.206 0.212 0. 208 0. 206 0. 210 0.213 0. 205 0.218 
Mg 11.687 11.700 11.637 11.678 11.637 11.679 11.688 11.663 11.686 11.685 
Ca 0.027 0.025 0.025 0.032 0.028 0.026 0.0 23 0.024 0.025 0.025 
Al 0.011 0.009 0.009 0.019 0.009 0.009 0.012 0.007 0.010 0.008 




Pyroxene l Ni2+ l35ooc 
Oxide Weight Percent 
Si02 61.23 60.68 60.51 60.27 61.11 59.77 60.38 61.12 60.61 61.23 
NiO 0.59 0. 57 0.60 0. 56 0. 54 0.60 0. 54 0.61 0.56 0.58 
MgO 38.31 38.36 38.43 38.13 38.32 39.63 38.42 38.82 38.67 38.85 
cao 0.35 0.36 0.38 0.36 0.32 0.35 0. 36 0.43 0.42 0.42 
Al203 0.86 0.94 0.71 0.94 0.80 0.64 0.92 0.85 0.97 0.87 
Total 101.33 100.63 100.29 101.12 100.97 100.61 101.76 101.23 101.95 101.95 
No. Moles on Basis of 24 Oxygens 
Si 8.077 8.044 8.040 B.048 8.078 7.944 8.029 8.038 8.016 8.038 
Ni 0.062 0.061 0.064 0.060 0.057 0.064 0.058 0.064 0.060 0.061 
Mg 7.534 7.599 7.619 7.853 7.551 7.581 7.616 7. 610 7.622 7.602 
Ca 0.049 0.051 0.053 0.054 0.050 0.046 0.050 0.051 0.061 0.059 
Al 0.133 0.14 7 0.112 0.148 0.124 0.101 0.145 0.132 0.151 0.135 




Liquid 1 Ni2+ 135ooc 
Oxide Weight Percent 
Si02 57.77 57.54 57.52 57.85 57.20 
NiO 0.32 0.31 0.29 0.30 0.32 
MgO 18.55 18.48 18.50 18.46 18.48 
CaO 8.67 8.67 8.72 8.71 8.72 
Al20 3 10.83 10.84 10.81 10.87 10.82 
Total 96.14 95.83 95.84 96.18 95.53 
No. Moles on Basis of 24 Oxygens 
Si 8.066 8.060 8.059 8.0 72 8.043 
Ni 0.036 0.035 0.033 0.034 0.036 
Mg 3.862 3.859 3.864 3.839 3.873 
ca 1. 297 1. 301 1. 308 1. 302 1. 313 




Olivine 1 Ni 2+ 1300°C 
Oxide Weight Percent 
Si02 41.67 41.85 41.18 43.12 41.50 41.81 42.50 41.53 41.55 41.97 
NiO 2.11 2.07 2.04 2.05 2.06 2. 01 2. 08 2.05 2.04 2.0 2 
MgO 56.20 56.56 56.65 55.08 56.30 56.49 55.92 56.39 56.13 56.09 
cao 0.18 0.18 0 .19 0. 24 0.19 0.18 0.18 0. 20 0.19 0.19 
Al 2o 3 0.11 0 .12 0 .13 0.14 0.09 0.08 0.15 0.11 0.10 0.13 
Total 100.27 100.78 100.18 100.63 100.14 100.56 100.84 100.28 100.02 100.39 
No. Moles on Basis of 24 Oxygens 
Si 6.052 6.046 6.063 6.139 6.037 6.050 6.120 6.033 6.049 6.0 79 
Ni 0.236 0.229 0.225 0. 230 0.230 0.223 0. 230 0.228 0.229 0.225 
Mg 11.609 11.622 11.589 11.423 11.464 11.630 11.465 11.649 11.621 11.559 
ca 0.026 0.027 0.027 0.035 0.029 0.027 0.027 0.030 0.029 0.026 
Al 0.017 0.020 0.021 0.023 0.014 0.013 0.025 0.018 0.016 0.022 




Pyroxene 1 Ni 2+ 1300°c 
Oxide Weight Percent 
Si02 60.73 60.53 60.04 60.83 60.31 60.42 60.00 60.69 60.29 
NiO 0.69 0.56 0.69 0.73 0.62 0.72 0.71 0.63 0.67 
MgO 38.26 39.00 38.37 38.72 38.83 38.97 38.83 39.20 38.60 
cao 0.44 0.52 0.74 0.44 0.40 0.37 0.49 0.39 0.40 
Al203 1.02 1.03 1.19 0.94 0. 70 0.66 1.01 0.88 0.97 
Total 101.14 101.65 101.03 101.67 100.86 101.13 101.04 101.80 100.93 
No. Moles on Basis of 24 Oxygens 
Si 8.039 8.024 8.017 8.060 8.053 8.010 8.034 8.04 7 8.056 
Ni 0.073 0.059 0.073 0.077 0.065 0.075 0.075 0.066 0.071 
Mg 7.549 7.582 7.512 7.524 7.605 7. 616 7. 601 7.609 7.555 
Ca 0.062 0.073 0.105 0.062 0.056 0.052 0.069 0.054 0.056 
Al 0 .159 0.159 0.184 0.145 0.108 0.101 0.156 0.136 0.149 















Liquid 1 Ni2+ l3oooc 
Oxide Weight Percent 
57.19 57.08 57.00 56.58 57.03 
0. 26 0.32 0.27 0.23 0.27 
15.69 15.65 15.61 15.61 15.65 
10.36 10.25 10.28 10.10 10.27 
12.81 12.85 12.84 12.71 12.74 
96.32 96.18 96.00 95.23 96.96 
No. Moles on Basis of 24 Oxygens 
7.992 7.988 7.991 7.993 7.998 
0 ~.0 29 0.037 0.030 0.027 0.031 
3.269 3.264 3.262 3.286 3.271 
l. 551 1.537 1.544 1.528 1.543 




Olivine 1 Cr3+ 1400°C 
Oxide Weight Percent 
Si02 41.91 42.15 42.16 41.84 42.01 42.05 42.11 41.99 42.04 42.69 
Cr203 0.16 0.15 0.21 0.16 0.17 0. 20 0.18 0.17 0.18 0.19 
MgO 57.97 57.88 58.32 58.01 58.17 58.46 58.01 57.83 57.72 57.73 
cao 0.23 0.23 0.23 0.23 0.24 0.21 0.23 0.22 0.23 0.23 
Al203 0.41 0.38 0.42 0.40 0.38 0.40 0.41 0.41 0.41 0.39 
Total 100.67 100.79 101.34 100.65 100.97 101.27 100.93 100.61 100.59 100.23 
No. Moles on Basis of 24 Oxygens 
Si 5.870 5.894 5.869 5.864 5.868 5.859 5.882 5.883 5.891 5.868 
Cr 0.019 0.019 0.025 0.020 0.021 0.025 0.022 0.021 0.023 0.024 
Mg 12.104 12.065 12.099 12.117 12.112 12.141 12.080 12.078 12.058 12.111 
Ca 0.034 0.034 0.035 0.035 0.036 0.031 0.034 0.033 0.035 0.035 
Al 0.068 0.063 0.069 0.066 0.063 0.057 0.067 0.068 0.068 0.065 















Liquid 1 cr3+ 14oooc 
Oxide Weight Percent 
54.89 54.70 54.84 54.81 54.96 
0.26 0.26 0.25 0.29 0.27 
22.46 22.41 22.62 22.73 22.46 
7.82 7.83 7.86 7.91 8.0 2 
13.76 13.93 13.81 13.73 13.89 
99.18 99.12 99.38 99.47 99.60 
No. Moles on Basis of 24 Oxygens 
7.4 77 7.457 7.459 7.542 7.462 
0.031 0.031 0.030 0.034 0.032 
4.560 4. 554 4.585 4.607 4. 545 
1.141 1.143 1.146 1.153 1.166 




Olivine 1 cr3+ l3sooc 
Oxide Weight Percent 
Si02 41.48 41.10 41.49 41.38 41.42 41.29 41.15 41.42 41.41 
Cr203 0.13 0.09 0.08 0.09 0.08 0.09 0.10 0.11 0.11 
MgO 58.70 58.76 59.09 58.96 59.94 59.07 58.96 59.11 58.78 
CaO 0.15 0.17 0.19 0. 20 0. 20 0.21 0.18 0.20 0.21 
Al203 0.10 0.09 0.06 0 .10 0.09 0.07 0.08 0.09 0.09 
Total 100.56 100.21 100.92 100.74 100.73 100.72 100.46 100.93 100.60 
No. Moles on Basis of 24 Oxygens 
Si 5.825 5.795 5. 807 5. 804 5. 808 5.793 5.789 5.800 5. 814 
Cr 0.016 0 .o 12 0.010 0.012 0.009 0.010 0.0 ll 0.013 0.014 
Mg 12.286 12.351 12.330 12.326 12.321 12.355 12.363 12.336 12.304 
Ca 0.023 0.026 0.029 0.031 0 .0 30 0.032 0.028 0.031 0.031 
Al 0 .017 0.014 0.010 0.016 0.015 0 .012 0.013 0.014 0.014 
Cc/Sn 0.89* 0.63 0.53 0.63 0.48* 0.53 0.58 0.69 0. 74* 
















Pyroxene 1 cr3+ 1350°C 
Oxide Weight Percent 
57.04 57.46 56.81 56.84 57.22 57.14 57.10 57.62 57.06 57.32 
0.63 0. 50 0.83 0.69 0.57 0.65 0.72 0.49 0.83 0.64 
39.43 40.23 39.97 39.89 40.16 40.61 40.41 40.29 39.77 40.37 
0.39 0.36 0.41 0.42 0.39 0.36 0.38 0.39 0.45 0.36 
1.66 1.4 7 2.02 1. 73 1.63 1. 85 1. 74 1. 50 1. 93 2.07 
99.16 100.02 100.04 99.57 99.98 100.62 100.37 100.29 100.05 100.76 
No. Moles on Basis of 24 Oxygens 
7. 750 7.734 7.662 7.696 7.710 7.659 7.674 7.735 7.693 7.667 
0.076 0.059 0.099 0.082 0.068 0.078 0.086 0.058 0.099 0.0 76 
7.981 8.071 8.0 36 8.051 8.066 8.115 8.095 8.061 7.991 8.049 
0.057 0.051 0.059 0.061 0.056 0.052 0.055 0.057 0.065 0.051 
0.266 0.234 0. 320 0.276 0.259 0.292 0.277 0.237 0. 307 0.327 




Pyroxene l cr3+ l3500C (Cont'd) 
Oxide Weight Percent 
Si02 57.0 3 56. 70 56.88 56.93 
Cr203 0.79 0.62 0.77 0. 80 
MgO 40.60 39.62 40.19 39.84 
cao 0.39 0.41 0.35 0.35 
Al20 3 l. 93 2.42 l. 80 1.96 
Total 100.73 99.72 99.99 99.88 
No. Moles on Basis of 24 Oxygens 
Si 7.642 7.657 7.673 7.685 
Cr 0.093 0.074 0.092 0.096 
Mg 8.109 7.975 8.082 8.016 
ca 0.055 0.059 0.051 0.051 
Al 0.306 0.386 0.286 0.311 




Si02 0.58 l. 99 
Cr203 43.21 42.75 
MgO 22.18 22.14 
cao 0.30 0.33 
Al203 26.78 27.16 
Total 93.05 94.37 
Si 0.116 0.389 
Cr 7.632 7.363 
Mg 6.608 6.433 
Ca 0.064 0.069 
Al 6. 309 6.241 
Cc/Cm 263 257 
Spinel l cr3+ l3500C 
Oxide Weight Percent 
2.30 l. 76 1.87 0.35 1.87 
42.53 42.76 43.14 43.61 43.57 
21.62 21.99 21.95 21.96 22.11 
0.35 0.39 0.33 0.35 0.37 
26.82 26.93 27.83 27.61 27.18 
93.61 93.84 96.11 93.87 95.10 
No. Moles on Basis of 24 Oxygens 
0.452 0.346 0.361 0.069 0.362 
7.380 7.424 7.370 7. 634 7.473 
6.331 6.442 6.326 6.485 6.397 
0.072 0.083 0.069 0.074 0.077 
6. 208 6.239 6. 343 6.447 6.219 







































Liquid 1 cr3+ 135QOC 
54.36 54.33 54.30 54.45 54.35 
0.13 0.11 0.14 0.12 0.15 
17.01 16.94 16.98 16.91 16.93 
9.35 9.46 9.32 9.39 9.32 
16.90 16.67 16.73 16.82 16.75 
97.76 97.51 97.48 97.70 97.50 
No. Moles on Basis of 24 oxygens 
7.493 7. 507 7. 503 7. 509 7. 506 
0.016 0.014 0.018 0.015 0.016 
2.764 2.759 2.766 2.749 2.759 
1.380 1.401 1.380 1.387 1.380 




Olivine 1 cr3+ 1300°c 
Oxide Weight Percent 
Si02 41.60 41.43 41.39 41.50 41.35 41.44 41.52 41.65 41.74 
Cr203 0.06 0.09 0.06 0.07 0.06 0.06 0.05 0.06 0.08 
MgO 58.85 59.16 58.55 59.04 58.98 59.11 58.90 58.87 58.98 
CaO 0.20 0.18 0.21 0. 20 0.17 0.21 0. 20 0.21 0.21 
Al203 0.08 0.10 0.08 0.07 0.06 0.07 0.07 0.07 0.07 
Total 100.79 100.95 100.27 100.89 100.62 100.77 100.95 100.89 100.97 
No. Moles on Basis of 24 Oxygens 
Si 5.282 5.798 5.828 5.811 5.805 5. 809 5.810 5.828 5.836 
Cr 0.007 0.022 0.007 0.008 0.007 0.008 0.006 0.007 0.009 
Mg 12.289 12.342 12.290 12.322 12.342 12.325 12.328 12.287 12.269 
Ca 0.030 0.018 0.031 0.031 0.026 0.032 0.030 0.032 0.032 
Al 0.013 0.010 0.010 0.012 0.010 0.012 0.011 0.012 0.012 
Cm/Cc 0.58 0. 91 * 0.58 0.66 0.58 0.66 0. 50 0.58 0. 74 * 




Si02 57.30 56.91 
cr203 0.45 0.78 
MgO 39.75 39.09 
cao 0.38 0.39 
Al203 1.44 2.42 
Total 99.32 99.59 
Si 7.761 7.696 
Cr 0.054 0.093 
Mg 8.025 7.879 
Ca 0.055 0.057 
Al 0. 230 0.386 
Cc/Cm 5.00 8.62 
Pyroxene l cr 3+ l300°C 
Oxide Weight Percent 
57.70 57.11 57.26 57.03 57.69 
0.47 0.76 0.74 0.75 0. 50 
39.68 39.37 39.05 38.77 39.23 
0. 39 0.42 0.41 0.40 0.40 
l. 51 2.34 2.29 2.41 l. 57 
99.76 100.00 99.75 99.37 99.39 
No. Moles on Basis of 24 Oxygens 
7.777 7.693 7.727 7.724 7.800 
0.056 0.090 0.088 0.090 0.060 
7.973 7. 905 7.854 7.827 7.907 
0.056 0.061 0 .0 59 0.059 0.058 
0.240 0.372 0.364 0.384 0.251 
5.19 8.33 8.16 8.35 5.57 
57.44 57.31 
0. 58 0.60 
39.07 39.17 
0.44 0.37 






0. 280 0.322 
















Pyroxene 1 Cr3+ 1300°C (cont'd) 
Oxide Weight Percent 
Si02 56.89 57.31 56.94 57.33 56.89 
Cr203 0.82 0.76 0.76 0.63 0.81 
MgO 58.93 39.32 39.28 39.33 58.94 
CaO 0.42 0.38 0.41 0.43 0.42 
Al203 2.81 2.33 2.25 l. 97 2.81 
Total 100.88 100.09 99.63 99.69 100.88 
No. Moles on Basis of 24 Oxygens 
Si 7.523 7. 709 7.698 7.739 7.523 
Cr 0.096 0.090 0.090 0.075 0.095 
Mg 7.673 7.884 7.917 7.915 7.673 
Ca 0.060 0.055 0.059 0.062 0.060 
Al 0.389 0.369 0.358 0.313 0.389 




Si02 0.16 0.16 
Cr203 35.07 34.81 
MgO 23.50 23.26 
cao 0.19 0. 20 
Al203 34.13 35.08 
Total 93.05 93.51 
Si 0.030 0.031 
Cr 5.862 5.768 
Mg 6.626 6. 501 
Ca 0.038 0.040 
Al 7.610 7.753 
Cc/Cm 360 355 
Spinel 1 cr3+ 13oooc 
Oxide Weight Percent 
0. 26 0.45 0. 24 0.15 0.22 
35.96 34.54 35.80 35.80 36.01 
23.20 22.66 23.33 23.07 23.26 
0. 24 0.28 0.17 0.27 0.24 
35.06 34.73 35.06 35.26 34.86 
94.72 92.65 94.60 94.54 94.59 
No. Moles on Basis of 24 Oxygens 
0.049 0.085 0.045 0.027 0.040 
5.904 5.772 5.882 5.888 5.928 
6.427 6.388 6.466 6.401 6.461 
0.049 0.056 0.033 0.053 0.049 
7.682 7.744 7.685 7.736 7.655 








































Liquid 1 cr3+ 13oooc 
Oxide Weight Percent 
Si02 53.88 54.08 53.99 54.05 
Cr203 0.08 0.08 0.09 0.07 
MgO 14.46 14.4 7 14.67 14.48 
cao 10.25 10.20 10.24 10.32 
Al203 18.43 18.47 18.36 18.47 
Total 97.10 97.30 97.36 97.40 
No. Moles on Basis of 24 Oxygens 
Si 7.4 76 7.486 7.4 74 7.4 78 
Cr 0.010 0.010 0.011 0.009 
Mg 2.991 2.985 3.028 2.986 
ca 1.524 1. 513 1. 519 1.530 




Olivine 2 Fe2+ 1425oc 
Oxide Weight Percent 
FeO 0.05 0.0 5 0.05 0 .05 0.04 0 .0 5 0.09 
MgO 58.62 58.64 58.56 58.41 58.45 58.55 58.38 
cao 0.21 0.22 0.22 0.22 0.22 0.21 0.21 
Si02 43.02 42.96 42.70 42.68 42.71 42.65 42.04 
Total 101.90 101.87 101.52 101.35 101.42 101.46 100.71 
No. Moles on Basis of 24 Oxygens 
Fe 0.006 0.006 0.005 0.006 0.004 0.006 0.010 
Mg 12.015 12.083 12.113 12.099 12.119 12.119 12.115 
Ca 0.032 0.032 0.032 0.032 0.033 0.031 0.031 
Si 5.944 5.939 5.925 5.931 5.932 5.922 5.887 
Al 0.0 0.0 0.0 0.0 0.0 0.0 0.0 




Liquid 2 Fe 2+ 1425°c 
Oxide Weight Percent 
FeO 0.22 0.24 0.21 
MgO 22.98 22.91 23.04 
cao 9.12 9.15 9.08 
Si02 50.22 50.52 50.61 
Al203 89.92 90.25 90.35 
No. Moles on Basis of 24 Oxygens 
Fe 0.028 0.030 0.027 
Mg 5.214 5.175 5.198 
Ca 1.487 1.485 1.473 
Si 7.643 7.658 7.660 




Olivine 2 Fe2+ 13000C 
Oxide Weight Percent 
FeO 0.37 0.40 0.40 0.36 0.42 0.38 0.40 
MgO 58.11 58.05 58.18 58.57 58.24 58.08 57.84 
CaO 0.22 0.23 0.23 0.24 0.24 0.22 0.21 
Si02 42.70 42.72 42.96 43.16 43.20 43.12 43.41 
Al203 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total 101.41 101.39 101.71 102.31 102.09 101.80 101.87 
No. Moles on Basis of 24 Oxygens 
Fe 0.043 0.047 0.047 0.042 0.048 0.044 0.047 
Mg 12.046 12.036 12.016 12.031 11.986 11.985 11.919 
ca 0.033 0.034 0.035 0.035 0.032 0.032 0.034 
Si 5.939 5.942 5.952 5.946 5.965 5.969 6.001 
Al 0.0 0.0 0.0 0.0 0.0 0.0 0.0 




Liquid 2 Fe 2+ 1300°C 
Oxide Weight Percent 
FeO 1.18 1. 21 1.14 
MgO 14.85 14.78 14.91 
CaO 10.98 10.97 10.97 
Si02 53.58 52.94 52.97 
Al2o3 20.06 19.95 20.0 3 
Total 100.64 99.86 100.02 
No. Moles on Basis of 24 Oxygens 
Fe 0.133 0.138 0.129 
Mg 2.992 3.006 3.025 
Ca 1. 591 1. 60 3 1.600 
Al 3.196 3. 207 3.215 




Olivine 2 Co2+ l4000C 
Oxide Weight Percent 
Si02 42.17 42.64 42.96 42.71 42.63 42.61 41.97 42.68 42.51 42.43 
CoO 0.85 0. 84 0.85 0.88 0.82 0.84 0.82 0.82 0.87 0.88 
MgO 58.49 58.35 58.49 58.56 58.71 58.38 58.20 58.58 58.48 58.74 
cao 0.25 0. 24 0.22 0.22 0.23 0. 24 0.25 0.24 0.23 0.25 
Al203 0.13 0.13 0.27 0. 20 0.14 0.11 0.13 0.15 0.21 0.13 
Total 101.90 102.21 102.79 102.57 102.53 102.17 101.37 102.47 102.30 102.44 
No. Moles on Basis of 24 Oxygens 
Si 5.860 5. 901 5.909 5.891 5.882 5.969 5.862 5.892 5.880 5.865 
Co 0.095 0.093 0.093 0.097 0.090 0.092 0.092 0.091 0.096 0.098 
Mg 12.116 12.036 11.991 12.039 12.076 11.910 12.115 12.055 12.057 12.103 
Ca 0.037 0.036 0.032 0.032 0.034 0.035 0.037 0.035 0.034 0.037 
Al 0.022 0.022 0.044 0.033 0.023 0.018 0.021 0.024 0.034 0.021 




Liquid 2 Co2+ 14000C 
Oxide Weight Percent 
Sio2 51.17 51.4 7 51.55 51.42 51.59 
coo 0.48 0.48 0.46 0.44 0.48 
MgO 22.28 22.31 22.26 22.18 22.24 
CaO 9.30 9.39 9.29 9.36 9.39 
Al203 16.86 16.63 17.04 16.91 17.16 
Total 100.08 100.27 100.60 100.31 100.87 
No. Moles on Basis of 24 Oxygens 
Si 6.989 7.017 7.000 7.005 6.990 
Co 0.053 0.052 0.050 0.048 0.053 
Mg 4.536 4. 534 4. 506 4.504 4.493 
Ca 1.360 1. 372 1. 351 1. 367 1.363 




Olivine 2 co 2+ 1350°c 
Oxide Weight Percent 
Si02 41.74 42.16 41.94 41.91 41.91 42.59 42.08 42.02 41.90 42.40 
CoO 0.86 0.89 0.93 0.87 0.93 0.90 0.87 0.89 0.95 0.93 
MgO 58.58 58.61 58.53 58.79 58.83 58.84 58.87 58.48 58.48 58.65 
CaO 0.22 0.29 0.26 0. 26 0. 24 0.23 0.23 0.24 0.26 0.25 
Al203 0.14 0.12 0. 20 0.11 0.32 0.13 0.14 0.13 0.21 0.17 
Total 101.54 102.08 101.87 101.95 102.22 102.69 102.19 101.77 101.79 102.39 
No. Moles on Basis of 24 Oxygens 
Si 5.825 5.851 5.835 5.827 5.811 5.872 5.834 5.849 5.833 5.864 
Co 0.096 0.099 0.104 0.097 0.103 0.100 0.096 0.099 0.106 0.103 
Mg 12.184 12.124 12.138 12.183 12.161 12.091 12.167 12.134 12.138 12.091 
ca 0.035 0.043 0.039 0.039 0.036 0.034 0.035 0.036 0.039 0.037 
Al 0.023 0.020 0 .0 33 0.019 0.052 0.021 0.022 0.022 0.034 0.028 




Liquid 2 co2+ 135ooc 
Oxide Weight Percent 
Si02 52.27 52.17 51.85 52.16 
coo 0.39 0.44 0.38 0.41 
MgO 18.29 18.18 18.38 18.27 
Cao 10.55 10.44 10.39 10.42 
Al203 18.86 18.78 18.80 19.01 
Total 100.36 100.00 99.80 100.27 
No. Moles on Basis of 24 Oxygens 
Si 7.096 7.107 7.080 7.087 
Co 0.043 0.048 0.041 0.045 
Mg 3. 702 3.691 3.740 3.699 
Ca 1. 534 1.523 1.520 1.517 




Olivine 2 Co 2+ 1300oc 
Oxide Weight Percent 
Si02 42.42 42.29 42.34 42.35 42.21 42.05 42.30 42.12 42.25 42.11 
CoO 0.92 0.98 0.97 0.95 0.95 0.98 0.93 0.97 0.99 0.99 
MgO 58.39 58.45 58.56 58.52 58.42 58.82 58.54 58.61 58.55 58.66 
cao 0. 24 0.23 0.27 0.24 0.24 0. 24 0.26 0.23 0.23 0.22 
Al203 0.14 0.13 0.23 0.14 0.13 0.27 0.12 0.13 0.12 0.15 
Total 102.11 102.08 102.36 101.96 102.19 102.35 102.14 102.05 102.15 102.14 
No. Moles on Basis of 24 Oxygens 
Si 5.881 5.868 5.859 5.864 5.869 5.824 5.865 5. 848 5.860 5.843 
Co 0.103 0.109 0.107 0.106 0.105 0.109 0.103 0.108 0.111 0.111 
Mg 12.067 12.090 12.080 12.097 12.089 12.143 12.100 12.136 12.105 12.133 
Ca 0.035 0.034 0.040 0.036 0.035 0.035 0.038 0.034 0.034 0.033 
Al 0.022 0.021 0.037 0.023 0.021 0.044 0.019 0.021 0.020 0.025 




Liquid 2 Co2+ 1300oc 
Oxide Weight Percent 
Si02 52.70 52.83 52.98 52.57 52.92 
coo 0.37 0.40 0.38 0.37 0.35 
MgO 16.23 16.34 16.45 16.54 16.48 
CaO 11.09 10.93 10.93 10.80 10.84 
Al203 20.10 19.82 19.66 19.44 19.32 
Total 100.49 100.33 100.41 99.72 99.91 
No. Moles on Basis of 24 Oxygens 
Si 7.133 7.159 7.173 7.167 7.198 
Co 0.040 0.044 0.041 0.041 0.038 
Mg 3.275 3.302 3.319 3.361 3.341 
Ca 1.609 1.587 1.586 1.578 1.580 




Olivine 2 Ni 2+ 1425°c 
Oxide Weight Percent 
NiO 2.94 2.93 2.93 2.92 2.93 2.97 2.97 
MgO 56.84 57.18 57.23 57.34 57.49 56.84 56.58 
Si02 42.51 41.71 41.54 42.55 42.42 40.77 39.41 
cao 0.20 0.21 0.20 0.18 0. 20 0.23 0.22 
Al203 0.26 0.14 0.13 0.11 0.11 0.11 0.14 
Total 102.74102.17102.02103.10103.14100.92 99.32 
No. Moles on Basis of 24 Oxygens 
Ni 0.311 0.313 0.312 0.309 0. 310 0.321 0.327 
Mg 11.351 11.501 11.530 11.417 11.418 11.587 11.735 
Si 6.124 6.062 6.049 6.111 6.095 6.106 5.936 
Ca 0.028 0.029 0.029 0.025 0.028 0.034 0.032 
Al 0.041 0.022 0.020 0.018 0.016 0.017 0.023 




Liquid 2 Ni2+ 1425oc 
Oxide Weight Percent 
NiO 0.61 0.67 0.66 
MgO 48.13 49.57 51.24 
Si02 22.85 23.03 23.38 
cao 9.17 9.31 9.23 
Al203 17.07 17.07 17.11 
Total 97.82 99.55 101.62 
No. Moles on Basis of 24 Oxygens 
Ni 0.069 0.075 0.071 
Mg 4.785 4.733 4.699 
Si 6.762 6.835 6. 908 
Ca 1. 380 1. 361 1. 333 
Al 2.827 2.774 2.720 
I-' 
*"' I-'
Olivine 2 Ni2+ 14oooc 
Oxide Weight Percent 
Si02 42.68 42.81 42.89 42.79 42.66 43.14 42.68 43.04 42.99 43.17 
NiO 2.02 2.0 5 2.06 1. 98 2.11 2.04 1. 99 1. 97 2.0 5 2.07 
MgO 55.42 55.24 55.36 55.32 55.46 55.26 55.36 55.34 55.30 55.57 
cao 0.22 0.23 0.24 0.24 0.21 0.22 0.25 0.26 0.24 0.23 
Al203 0.18 0.10 0.10 0.13 0.11 0.17 0.11 0.11 0 .10 0.09 
Total 100.53100.43100.66100.47100.55100.84100.59100.70 100.68100.13 
No. Moles on Basis of 24 Oxygens 
Si 5.891 5.913 5.911 5. 907 5.889 5.931 5.912 5.925 5.922 5.921 
Ni 0.225 0.227 0.228 0.220 0.234 0.226 0. 220 0.218 0.227 0.229 
Mg 11.917 11.887 11.889 11.898 11.928 11.837 11.891 11.868 11.870 11.873 
Ca 0.033 0.034 0.036 0.035 0.032 0.033 0.036 0.038 0 .0 35 0.033 
Al 0 .0 30 0 .016 0.017 0.022 0.018 0.028 0.018 0.018 0 .016 0.015 




Liquid 2 Ni 2+ l400°c 
Oxide Weight Percent 
Si02 51.07 51.16 50.7 2 50.46 
NiO 0.44 0.41 0.41 0.42 
MgO 21.90 21.94 21.92 21.93 
cao 9.39 9.35 9.46 9.41 
Al 2o3 16.81 16.79 17.04 16.93 
Total 99.62 99.65 99.56 99.14 
No. Moles on Basis of 24 Oxygens 
Si 7.00 7 7.014 6.967 6.962 
Ni 0.048 0.045 0.045 0.047 
Mg 4.479 4.484 4.489 4. 509 
Ca l. 380 l. 374 1.392 l. 391 















Olivine 2 Ni2+ l350°c 
Oxide Weight Percent 
Si02 42.77 42.73 42.38 42.51 42.13 43.53 42.88 42.90 42.98 42.69 
NiO l. 91 l. 92 1.89 1.92 l. 90 1.90 1.94 2.0 2 1.92 1.85 
MgO 55.65 54.86 55.24 55.02 55.06 55.77 55.64 55.56 55.35 55.22 
cao 0.22 0.20 0.21 0.20 0.19 0.18 0.19 0.22 0.22 0.19 
Al203 0.09 0.09 0 .10 0.10 0.10 0.15 0.16 0.17 0.09 0.08 
Total 100.63 99.80 99.82 99.74 99.38 101.53 100.82 100.87 100.57 100.03 
No. Moles on Basis of 24 Oxygens 
Si 5.894 5.932 5.888 5. 908 5.879 5.939 5.898 5.900 5.924 5.914 
Ni 0.211 0.214 0.211 0. 214 0. 214 0.209 0.215 0.223 0.213 0.207 
Mg 11.947 11.869 11.956 11.917 11.974 11.851 11.922 11.903 11.884 11.918 
ca 0.032 0.0 30 0.032 0.030 0.029 0.027 0.028 0.032 0.033 0.028 
Al 0.014 0.015 0.016 0.016 0.017 0.024 0.024 0.027 0.015 0.014 




Liquid 2 Ni2+ l350°C 
Oxide Weight Percent 
Si02 50.69 51.18 50.73 50.96 51.03 
NiO 0.35 0.33 0.33 0.38 0.33 
MgO 18.98 19.02 18.96 19.04 19.06 
CaO 10.04 10.14 10.25 9.96 9.98 
Al203 18.43 18.29 18.34 17.98 18.13 
Total 98.49 98.97 98.61 98.33 98.54 
No. Moles on Basis of 24 Oxygens 
Si 7.020 7.0 52 7.022 7.067 7.059 
Ni 0.039 0.037 0.036 0.043 0.037 
Mg 3.918 3.906 3.913 3.936 3.931 
Ca 1.490 1.497 1.520 1.480 1.480 




Olivine 2 Ni 2+ 1300°c 
Oxide Weight Percent 
Si02 43.07 43.14 42.96 43.20 43.09 43.29 43.29 43.35 42.96 43.16 
NiO 1. 75 1. 77 1. 72 1. 74 1.83 1. 79 1. 77 1. 74 1.83 1.83 
MgO 55.57 55.42 55.75 55.80 55.43 55.68 55.69 55.59 55.58 55.50 
CaO 0.22 0.23 0.21 0.21 0.21 0.22 0.20 0.21 0.21 0.21 
Al20 3 100.75 100.68 100.74 101.02 100.67 101.03 101.08 100.98 100.78 101.08 
No. Moles on Basis of 24 Oxygens 
Si 5.920 5.933 5. 908 5.922 5.929 5.933 5.931 5.942 5. 907 5.915 
Ni 0.194 0.196 0.190 0.192 0.202 0.198 0.195 0.192 0. 202 0. 201 
Mg 11.899 11.874 11.847 11.940 11.914 11.882 11.887 11.883 11.871 11.905 
Ca 0.032 0.034 0.031 0.031 0 .0 30 0.033 0.029 0.030 0.031 0.030 
Al 0.024 0.020 0.015 0.013 0.017 0.013 0.021 0.015 0.033 0.061 




Liquid 2 Ni2+ 13oooc 
Oxide Weight Percent 
Si02 51.80 52.30 52.35 52.12 
NiO 0.28 0.20 0.28 0.27 
MgO 15.80 16.02 15.82 15.96 
cao 11.14 11.14 11.05 11.14 
Al203 19.46 19.62 19.57 19.90 
Total 98.48 99.29 99.07 99.40 
No. Moles on Basis of 24 Oxygens 
Si 7.156 7.162 7.181 7.133 
Ni 0.031 0.022 0.031 0.030 
Mg 3.254 3. 270 3.235 3.255 
ca 1.650 1.634 1.624 1.634 















Olivine 2 cu2+ 14oooc 
Oxide Weight Percent 
Si02 42.50 42.15 42.78 42.39 42.63 42.36 42.22 41.94 42.56 42.50 
cuo 0.11 0.12 0.12 0.09 0.10 0.09 0.12 0.09 0.14 0.12 
MgO 59.77 59.77 60.06 59.66 59.35 59.22 59.90 59.45 59.16 59.33 
cao 0.18 0.19 0.21 0. 20 0.17 0.19 0.16 0.16 0.18 0.18 
Al203 0.06 0.04 0.08 0.04 0.0 5 0.03 0.06 0.02 0.03 0.07 
Total 102.62 102.27 103.24 102.38101.86 101.86 102.46101.66 102.07 102.20 
No. Moles on Basis of 24 oxygens 
Si 5.846 5.822 5.849 5.845 5.877 5.867 5.820 5.826 5.881 5.867 
Cu 0.011 0.013 0.012 0.010 0.010 0.009 0.012 0.009 0.015 0.012 
Mg 12.256 12.306 12.241 12.261 12.196 12.225 12.309 12.311 12.189 12.209 
Ca 0.027 0.028 0.030 0.030 0.026 0.028 0.024 0.024 0.026 0.027 
Al 0.010 0.006 0.012 0.007 0.009 0.005 0.010 0.003 0.005 0.012 




Liquid 2 cu 2+ 1400°c 
Oxide Weight Percent 
Si02 56.0 5 56.29 55.72 56.13 56.09 
CuO 0.44 0.42 0.36 0.40 0.45 
MgO 23.08 23.21 23.06 23.20 23.15 
CaO 7.38 7.37 7.36 7.35 7.36 
Al203 13.40 13.54 13.52 13.54 13.39 
Total 100.35 100.83 100.01 100.62 100.44 
No. Moles on Basis of 24 Oxygens 
Si 7.539 7.533 7.518 7.527 7.538 
Cu 0.045 0.043 0.037 0.041 0.046 
Mg 4.628 4.630 4.638 4.639 4.637 
Ca 1.063 1.056 1.064 1.057 1.060 




Olivine 2 cu 2+ l350°C 
Oxide Weight Percent 
Si02 42.28 43.50 42.76 42.97 42.97 42.81 42.79 42.77 42.70 42.69 
cuo 0.23 0.27 0.25 0.25 0.23 0.24 0.23 0.26 0.23 0.26 
MgO 58.71 60.12 59.88 59.80 59.81 59.90 56.69 59.62 59.67 59.34 
CaO 0.23 0.23 0.21 0. 20 0.22 0.22 0.21 0.22 0.21 0.21 
Al203 0.08 0 .10 0.09 0.10 0.13 0.11 0.08 0.10 0.08 0.09 
Total 101.53 104.22 103.18 103.32 103.36 103.27 103.01 102.97 102.89 102.59 
No. Moles on Basis of 24 Oxygens 
Si 5.878 5.890 5.853 5.870 5.868 5.854 5.865 5.865 5.860 5.874 
Cu 0.024 0.028 0.026 0.026 0.024 0.024 0.024 0.027 0.024 0.027 
Mg 12.166 12.135 12.217 12~178 12.176 12.210 12.196 12.186 12.206 12.171 
Ca 0.034 0.033 0.031 0.029 0.033 0.032 0.031 0.032 0.031 0.031 
Al 0.013 0.016 0.014 0.017 0.021 0.017 0.021 0.017 0.013 0.015 




Liquid 2 cu2+ 135ooc 
Oxide Weight Percent 
Si02 52.23 52.09 52.4 7 52.28 51.98 
cuo 0.70 0.70 0.68 0.69 0.68 
MgO 19.13 19.17 19.23 19.15 19.18 
cao 9.64 9.60 9.56 9.70 9.66 
Al203 18.85 19.12 19.15 18.75 18.85 
Total 100.55 100.69 101.10 100.57 100.35 
No. Moles on Basis of 24 Oxygens 
Si 7.076 7.048 7.066 7.082 7.059 
Cu 0.071 0.072 0 .070 0.071 0.069 
Mg 3.864 3.867 3.860 3.867 3.881 
Ca 1.399 1.392 1. 379 1.408 1.406 




Olivine 2 cu 2+ 1300°c 
Oxide Weight Percent 
Si02 42.86 42.73 42.78 42.41 42.57 42.13 42.69 42.20 42.20 42.58 
CuO 0.70 0.69 0.71 0.71 0.73 0. 70 0.73 0. 70 0.63 0.66 
MgO 59.79 59.35 59.45 59.62 59.63 59.47 59.52 59.00 59.10 59.0 5 
CaO 0. 24 0. 24 0.25 0. 24 0.23 0.25 0.21 0.25 0.23 0.24 
Al203 0.06 0.25 0.0 5 0.07 0.0 5 0.17 0.05 0.12 0.13 0.06 
Total 103.66 103.27 103.24 103.06 103.20 102.72 103.19 102.27 102.28 102.89 
No. Moles on Basis of 24 Oxygens 
Si 5.853 5.855 5.865 5.829 5.841 5.811 5.856 5.843 5.840 5.872 
Cu 0.072 0.071 0.073 0.074 0.075 0.073 0.075 0.073 0.066 0.069 
Mg 12.172 12.122 12.148 12.215 12.197 12.228 12.169 12.177 12.190 12.138 
Ca 0.036 0.035 0.036 0.036 0.034 0.037 0.030 0.037 0.033 0.036 
Al 0.009 0.041 0.008 0.011 0.007 0.027 0.008 0.019 0.021 0.009 




Liquid 2 cu2+ 1300°c 
Oxide Weight Percent 
Si02 52.02 51.45 52.10 51.80 51.78 
cuo 1.42 1.46 1.53 1.51 1.52 
MgO 16.02 16.04 16.04 15.95 15.95 
CaO 11.01 10.93 10.94 10.99 10.98 
Al203 19.79 19.74 19.85 19.68 19.58 
Tot a 1 100 . 26 99.63 100 .46 99.91 99.80 
No. Moles on Basis of 24 Oxygens 
Si 7.102 7.075 7.101 7.102 7.107 
Cu 0.14 7 0.151 0.158 0.156 0.157 
Mg 3.261 3.257 3.259 3.260 3.263 
Ca 1.610 1.611 1.598 1.612 1.615 




Olivine 2 cr3+ 1425oc 
Oxide Weight Percent 
Cr203 0. 36 0.36 0.37 0. 36 0.35 0.38 
MgO 56.44 56.43 55.77 56.43 55.43 55.48 
cao 0.29 0.32 0.37 0.29 0.44 0.28 
Si02 42.45 42.68 42.58 42.19 42.61 42.14 
Al203 0.49 0.53 0.49 0. 54 0.68 0.57 
Total 100.03 100.32 99.49 99.81 99.51 99.84 
No. Moles on Basis of 24 Oxygens 
Cr 0.045 0.045 0.047 0.044 0.044 0.048 
Mg 11.841 11.802 11.751 11.870 11.677 11.770 
ca 0.044 0.047 0.041 0.045 0.066 0.043 
Si 5.974 5.987 5.954 6.019 6.021 5.998 
Al 0.081 0.088 0.082 0.089 0.099 0.096 




Liquid 2 cr3+ l425°c 
Oxide Weight Percent 
Cr203 0.53 0.51 
MgO 21.44 21.29 
cao 9.12 9.16 
Si02 50.16 50.35 
Al203 16.50 16.58 
Total 97.76 97.89 
No. Moles on Basis of 24 Oxygens 
Cr 0.065 0.063 
Mg 4.468 4.428 
Ca 1.366 l. 369 
Si 7.012 7.026 




Olivine 2 Cr2+ l400°C 
Oxide Weight Percent 
Si02 41.20 40.91 41.47 41.39 40.98 41.27 40.98 41.20 41.20 40.90 
Cr203 0.10 0.10 0.10 0.14 0.18 0.11 0.10 0.10 0.09 0.14 
MgO 58.70 58.91 58.51 58.44 58.45 58.68 58.72 58.62 58.41 58.27 
CaO 0.21 0.22 0.22 0.23 0.23 0.22 0.21 0.21 0.22 0.21 
Al203 0.19 0.14 0.16 0.15 0.15 0.14 0.14 0.25 0.22 0.14 
Total 100.41 100.29 100.46 100.35 99.99 100.42 100.15 100.39 100.13 99.66 
No. Moles on Basis of 24 Oxygens 
Si 5.797 5.769 5.829 5.826 5.794 5.806 5.784 5.798 5.811 5.799 
Cr 0.013 0.013 0 .013 0.017 0.022 0.013 0.013 0.012 0.011 0.018 
Mg 12.314 12.381 12.259 12.260 12.319 12.305 12.353 12.297 12.280 12.316 
Ca 0.032 0.034 0.032 0.034 0.035 0.033 0.031 0.032 0.033 0.032 
Al 0.031 0.024 0.026 0.025 0.025 0.024 0.023 0.041 0.037 0.024 
Cc/Cm 0.53 0.53 0.53 0.69 0. 89 * 0.53 0. 53 0.49 0.45 0. 73 * 















Liquid 2 cr3+ 14oooc 
Oxide Weight Percent 
49.70 49.64 49.76 49.80 49.80 
0.16 0.19 0.18 0.17 0.16 
21.73 21.84 21.79 21.69 21.78 
9.41 9.44 9.39 9.38 9.30 
17.61 17.50 17.45 17.43 17.25 
98.60 98.60 98.56 98.47 98.29 
No. Moles on Basis of 24 Oxygens 
6.889 6.885 6.900 6. 910 6.922 
0.020 0.023 0.022 0.021 0.020 
4.490 4.515 4. 504 4.486 4.512 
1.397 1.403 1.395 1.395 1.384 
















Olivine 2 cr2+ l350oc 
Oxide Weight Percent 
40.92 41.39 42.27 41.36 41.25 41.46 41.08 41.47 41.40 41.24 
0.11 0.09 0.10 O.ll 0.09 0.09 0.09 0.08 O.ll 0.09 
58.27 58.17 58.25 58.20 58.11 58.07 58.18 58.08 57.76 58.24 
0.21 0.21 0.18 0.21 0. 20 0. 20 0.23 0.23 0.21 0.21 
0.13 0.12 0.13 0.29 0.11 0 .ll 0.12 0.12 0.12 0.11 
99.64 99.99 96.93 100.17 99.77 99.94 99.70 99.99 99.60 99.88 
No. Moles on Basis of 24 Oxygens 
5. 802 5. 843 6.114 5.829 5.837 5.854 5.820 5.853 5.864 5.829 
0.014 0.011 0.012 0.014 0.011 0.012 0.0 ll 0.010 0.014 0.012 
12.317 11.697 12.225 12.257 12.221 12.286 12.218 12.196 12.196 12.272 
0.031 0.029 0.032 0.031 0.030 0.031 0.035 0.034 0.032 0.031 
0.022 0.021 0.022 0.048 0.018 0.019 0.019 0.020 0.020 0.018 




Liquid 2 cr3+ 1350°c 
Oxide Weight Percent 
Si02 51.03 50.82 50.99 50.65 
cr2o3 0.13 0.10 0.13 0.11 
MgO 17.54 17.57 17.59 17.66 
CaO 10.46 10.63 10~51 10.42 
Al20 3 19.28 19.70 19.25 19.15 
Total 98.44 98.91 98.46 97.99 
No. Moles on Basis of 24 Oxygens 
Si 7.054 7.004 7.049 7.037 
Cr 0.016 0.012 0.016 0.014 
Mg 3.615 3.610 3.625 3.658 
Ca 1. 550 1. 569 1. 556 1.551 















Olivine 2 cr 3+ 1300°C 
Oxide Weight Percent 
Si02 41.36 41.57 41.45 41.46 41.19 41.11 41.34 41.27 41.20 41.19 
Cr203 0.12 0.06 0.05 0 .10 0.07 0.06 0.06 0.05 0.08 0.07 
MgO 58.40 58.34 58.62 58.17 58.65 58.34 58.65 58.51 58.44 58.33 
cao 0.22 0.22 0.21 0. 20 0. 20 0. 20 0.22 0.22 0.21 0.21 
Al203 0.18 0.11 0.16 0.35 0 .10 0.31 0.29 0.21 0.12 0.22 
Total 100.28 100.30 100.49 100.57 100.21 100.02 100.55 100.26 100.05 100.01 
No. Moles on Basis of 24 Oxygens 
Si 5.825 5. 848 5.823 5.857 5.806 5.804 5. 805 5.912 5.815 5.815 
Cr 0.015 0.007 0.006 0.008 0.009 0.008 0.008 0.006 0.011 0.009 
Mg 12.259 12.235 12.277 12.159 12.324 12.278 12.278 12.284 12.296 12.275 
Ca 0.033 0.033 0.031 0.029 0.030 0.030 0.032 0.033 0.032 0.031 
Al 0.029 0.019 0.026 0.057 0.017 0.051 0.048 0.035 0.020 0.036 
Cc/Cm 1. 2 s* 0.59 0. 50 1.0 l * 0.75 0.67 0.67 0. 50 0. 92* 0.75 















Liquid 2 cr3+ 1300°c 
Oxide Weight Percent 
51.51 51.55 51.51 51.64 51.4 7 
0.08 0.08 0.09 0.08 0.07 
15.40 15.33 15.30 15.24 15.37 
11.09 11.10 11.19 11.15 11.10 
20.44 20.21 20.36 20.23 20.08 
98.53 98.98 98.45 98.33 98.09 
No. Moles on Basis of 24 Oxygens 
7.102 7.125 7.110 7.132 7.127 
0.010 0.010 0.011 0.010 0.009 
3.166 3.158 3.14 7 3.137 3.173 
1.638 1.644 1.655 1.650 1.647 




Olivine 3 Fe2+ l4oooc 
oxide Weight Percent 
Si02 40.57 40.56 40.12 40.36 40.59 40.42 40.67 41.10 40.29 40.57 
FeO 0.15 0.17 0.14 0.15 0. 16 0.16 0.20 0.13 0.15 0.17 
MgO 59.02 59.13 59.18 58.63 58.86 59.08 58.28 58.75 58.68 58.67 
cao 0.33 0. 32 0.32 0.31 0. 30 0.32 0. 30 0.31 0.28 0.26 
Al203 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.07 0.00 
Total 100.36 99.88 99.77 99.45 99.90 99.98 99.46 100.48 99.48 99.67 
No. Moles on Basis of 24 Oxygens 
Si 5.938 5.928 5.916 5.961 5.965 5.942 5.929 5.926 5.951 5.975 
Fe 0.017 0.019 0.016 0.017 0.018 0.019 0.024 0.015 0.017 0.020 
Mg 11.989 12.078 12.103 12.015 12.008 12.051 12.073 12.042 12.022 11.993 
Ca 0.045 0.047 0.048 0.046 0.044 0.047 0.045 0.045 0.042 0.038 
Al 0.047 0.000 0.000 0.000 0.000 0.000 0.000 0 .0 30 0.012 0.000 




Spinel 3 Fe2+ 14000C 
Oxide Weight Percent 
Si02 1.13 0.69 0.79 0.26 0.33 0.68 0.42 0.87 
FeO 0.92 0.95 0.94 0.92 0.94 0.92 0.91 0.98 
MgO 29.73 29.64 29.20 29.59 30.43 29.70 29.70 29.58 
cao 0.28 0.21 0.18 0.12 0.13 0.11 0.11 0.17 
Al203 68.09 68.55 67.53 69.37 69.64 69.44 69.44 69.86 
Total 100.16 100.04 98.64 100.26 101.50 101.06 100.58 101.46 
No. Moles on Basis of 24 Oxygens 
Si 0.161 0.098 0.115 0.037 0.046 0.097 0.060 0.123 
Fe 0.110 0.114 0.113 0 .110 0.111 0 .109 0.108 0.116 
Mg 6.330 6.320 6.312 6.295 6.399 6.263 6.297 6.213 
Ca 0.043 0.033 0.027 0.018 0 .020 0.016 0.016 0.026 
Al 11.463 11.558 11.548 11.668 11.585 11.612 11.639 11.600 




Liquid 3 Fe2+ l4oooc 
Oxide Weight Percent 
Si02 46.03 46.38 46.06 46.48 46.41 
FeO 0.59 0.61 0.60 0.57 0.60 
MgO 21.31 21.56 21.70 22.19 21.89 
cao 11.66 ll. 59 ll. 59 ll. 52 11.60 
Al203 20.25 20 .19 19.92 20.23 20.19 
Total 99. 84 100 . 3 3 99.86 100.98 100.69 
No. Moles on Basis of 24 Oxygens 
Si 6.400 6.414 6.405 6.388 6.398 
Fe 0.069 0.070 0 .070 0.066 0.069 
Mg 4.416 4.445 4.498 4. 545 4.499 
Ca l. 738 l. 718 l. 726 1.697 1.714 
Al 3.319 3.292 3.265 3.277 3.281 
f-' 
"' ~ 
Olivine 3 Fe2+ l350°C 
Oxide Weight Percent 
Si02 40.77 40.36 40.94 40.56 40.17 40.57 40.53 40.02 40.21 40.16 
FeO 0.18 0.16 0.18 0.18 0.15 0 .17 0.15 0.16 0.20 0.19 
MgO 59.77 59.52 60.54 59.87 58.63 60.16 59.74 59.66 59.17 59.72 
cao 0.33 0.30 0.28 0.34 0.29 0.31 0.28 0.29 0.26 0.29 
Al203 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total 101.06 100.34 101.94 100.95 99.25 101.22 100.69 101.13 99.85 101.37 
No. Moles on Basis of 24 Oxygens 
Si 5. 930 5.916 5. 905 5. 910 5.949 5.917 5.955 5.924 5.960 5.960 
Fe 0.021 0.018 0.020 0.020 0.018 0.019 0 .017 0.019 0.023 0.022 
Mg 12.070 12.106 12.129 12.109 12.042 12.140 12.108 12.129 12.091 12.017 
Ca 0.048 0.044 0.040 0 .0 50 0.043 0.045 0.040 0.042 0 .o 39 0.042 
Al 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 
Cc/Cm 0.28 0.24 0.27 0.27 0.24 0.25 0.23 0.26 0.31 0.29 
1-' 
"' V1
Spinel 3 Fe2+ 135ooc 
Oxide Weight Percent 
Si02 0.18 0.58 0.11 0. 24 0.19 0.09 0.14 0. 20 0.15 0.12 
FeO 1.04 0.98 1.03 1.0 5 1.07 1.04 1.05 1.02 1.00 1.02 
MgO 30.42 30.26 30.36 29.18 29.93 30.51 30.70 29.59 30.54 30. 54 
CaO 0.09 0.13 0.16 0.09 0.09 0 .10 0 .10 0.21 0.05 0.18 
Al203 70.90 70.29 67.73 70.48 68.84 67.99 69.16 69.00 70 .0 5 70.02 
Total 102.63 102.25 99.40 101.04 100.11 99.16 100.96 101.13 100.85 101.88 
No. Moles on Basis of 24 Oxygens 
Si 0.025 0.082 0 .016 0.035 0.027 0 .013 0.020 0.029 0.021 0.017 
Fe 0.121 0.115 0.125 0.124 0.128 0.126 0.125 0.120 0.119 0.120 
Mg 6.326 6.312 6.533 6.256 6.383 6.451 6.458 6.489 6.259 6.405 
Ca 0.014 0.020 0.025 0.014 0.013 0.015 0.015 0.032 0.007 0.027 
Al 11.659 11.593 11.523 11.758 11.614 11.587 11.574 11.534 11.715 11.610 




Liquid 3 Fe2+ 13500C 
Oxide Weight Percent 
Si02 48.02 4 7. 90 46.56 4 7. 38 4 7.48 
FeO 0.55 0.55 0.57 0.55 0.58 
MgO 18.85 18.96 18.10 18.43 18.36 
cao 12.89 12.93 12.81 12.75 12.84 
Al203 20.67 20.15 20.53 20.35 20.75 
Total 100.97 100.49 98.57 99.45 99.99 
No. Moles on Basis of 24 Oxygens 
Si 6.558 6. 60 7 6. 550 6.598 6.577 
Fe 0.063 0.064 0.067 0.064 0.067 
Mg 3.584 3.899 3.796 3.826 3.791 
Ca 1.895 1. 911 1. 930 1. 90 3 1. 90 5 




Olivine 3 Fe2+ 1300°c 
Oxide Weight Percent 
Sio2 41.33 41.03 41.28 41.67 41.39 41.05 41.89 41.59 41.30 41.80 
Feo 0.33 0.36 0.29 0.25 0.29 0.35 0.23 0.28 0.32 0.23 
MgO 58.98 59.26 58.86 59.15 59.11 58.64 58.83 59.39 59.34 59.55 
cao 0.23 0.26 0.25 0.25 0.25 0.23 0.27 0.25 0.27 0.28 
Al203 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.05 0.10 
Total 100.87 100.91 100.69 101.32 101.04 100.27 101.23 101.50 101.28 101.97 
No. Moles on Basis of 24 Oxygens 
Si 5.939 5.902 5.942 5.955 5.937 5.937 5.987 5.937 5.915 5.938 
Fe 0.038 0.041 0.034 0.038 0.0 33 0.040 0.026 0.032 0.037 0.026 
Mg 12.050 12.117 12.046 12.024 12.056 12.052 12.000 12.058 12.082 12.033 
ca 0.034 0.038 0.037 0.037 0.0 37 0.035 0.039 0.036 0.039 0.041 
Al 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.008 0.016 




Liquid 3 Fe2+ 13000C 
Oxide Weight Percent 
Si02 49.25 48.97 49.04 48.37 49.40 
FeO 0.92 0.93 0.89 0.94 0.91 
MgO 16.69 16.50 16.57 16.24 16.50 
cao 12.15 12.07 12.01 12.09 12.72 
Al203 21.16 21.15 21.35 21.42 23.32 
Total 100.16 99.61 99.86 99.07 102.86 
No. Moles on Basis of 24 Oxygens 
Si 6.771 6.769 6.759 6.727 6.623 
Fe 0 .10 5 0.107 0.103 0.110 0 .102 
Mg 3.420 3.399 3.403 3.367 3.298 
Ca 1. 789 1.787 1.773 1.802 1. 828 




Olivine 3 co 2+ 1450°c 
Oxide Weight Percent 
Si02 41.81 41.71 41.78 41.65 42.04 41.92 41.28 41.69 42.13 42.32 
CoO 0.66 0.65 0.66 0.63 0.62 0.63 0.60 0.67 0.65 0.62 
MgO 57.32 57.29 57.40 57.19 57.37 57.19 56.76 57.10 57.19 56.78 
cao 0.29 0. 30 0. 30 0. 30 0.31 0.29 0.31 0.32 0.29 0. 30 
Al203 0.24 0.22 0.21 0.22 0.21 0.21 0.18 0.24 0.19 0.20 
Total 100.32 100.17 100.34 100.00 100.55 100.24 99.13 100.02 100.45 100.22 
No. Moles on Basis of 24 Oxygens 
Si 5.891 5.887 5.886 5.888 5. 908 5. 908 5.886 5.892 5.924 5.959 
Co 0.074 0.074 0.075 0.071 0.070 0.071 0.068 0.0 76 0.073 0. 070 
Mg 12.039 12.054 12.055 12.053 12.015 12.016 12.066 12.032 11.988 11.919 
ca 0.044 0.045 0.045 0.045 0.047 0.044 0.047 0.049 0.044 0.045 
Al 0.041 0.036 0.035 0.037 0.035 0.035 0.0 31 0.039 0.031 0.033 




Liquid 3 Co 2+ 1450°C 
Oxide Weight Percent 
Si02 44.18 44.34 44.45 43.85 44.37 
CoO 0.47 0.51 0.45 0.48 0.47 
MgO 25.28 25.27 25.27 25.18 25.10 
cao 10.06 10.05 10 .05 10.10 10.04 
Al203 18.58 18.66 18.24 18.47 18.81 
Total 98.56 98.83 98.46 98.08 98.80 
No. Moles on Basis of 24 Oxygens 
Si 6.235 6.241 6.277 6.223 6.243 
Co 0.0 53 0.058 0.051 0.055 0.053 
Mg 5.319 5. 301 5.320 5.328 5.266 
Ca 1. 522 1. 516 1. 521 1. 536 1. 514 




Olivine 3 co2+ l400°c 
Oxide Weight Percent 
Si02 41.51 41.81 41.67 41.92 41.46 42.12 41.77 41.94 42.13 41.64 
CoO 0.83 0. 84 0. 84 0.83 0.81 0.78 0.82 0.82 0.83 0.81 
MgO 58.24 58.11 58.22 58.0 5 58.00 57.99 57.95 57.71 57.76 58.23 
cao 0.32 0.31 0. 30 0.33 0.31 0.33 0.32 0. 34 0.32 0. 34 
Al203 0 .16 0.19 0.16 0.15 0.15 0.16 0.17 0.18 0.15 0.17 
Total 101.06 101.27 101.20 101.29 100.74 101.38 101.03 100.99 101.18 101.20 
No. Moles on Basis of 24 Oxygens 
Si 5.822 5.848 5.834 5.861 5.832 5.879 5.854 5.878 5.900 5.830 
Co 0.093 0.095 0.095 0.093 0.092 0.088 0.092 0.092 0.093 0.091 
Mg 12.176 12.114 12.150 12.097 12.160 12.066 12.108 12.057 12.041 12.155 
Ca 0.048 0.047 0.046 0.049 0.049 0.051 0.047 0.0 51 0.047 0.052 




Spinel 3 co2+ l4oooc 
Oxide Weight Percent 
Si02 0.38 0.44 0.84 0. 30 0.22 
CoO 0.92 0.89 0.92 0.91 0.92 
MgO 28,53 28.67 28.73 28.82 28.85 
cao 0.15 0.14 0.22 0.23 0.27 
Al203 70.74 70.46 70.30 70.73 70.24 
Total 100.73 100.60 101.01 100.99 100.50 
No. Moles on Basis of 24 Oxygens 
Si 0.0 52 0.059 0.114 0.042 0.0 30 
Co 0 .10 l 0.097 0.100 0 .100 0.10 l 
Mg 5.789 5.824 5.811 5.895 5.872 
ca 0.022 0.020 0.032 0.033 0.040 
Al 11.990 11.960 11.886 11.926 11.950 




Liquid 3 Co2+ 1400°C 
Oxide Weight Percent 
Si02 45.79 45.81 45.84 45.86 46.09 45.30 45.09 
CoO 0.48 0.46 0.4 7 0.46 0.47 0.49 0.48 
MgO 20.75 20.78 20.70 20.69 20.57 20.71 20.79 
cao 11.81 11.73 11.96 11.88 11.81 12.08 11.89 
Al203 21.06 21.06 21.18 20.69 20.74 21.11 21.04 
Total 99.88 99.83 100.14 99.58 99.68 99.69 99.29 
No. Moles on Basis of 24 Oxygens 
Si 6.361 6.364 6.353 6. 390 6.411 6.316 6. 310 
Co 0.054 0.051 0.052 0.052 0.054 0.054 0.054 
Mg 4.296 4.302 4.276 4.297 4.265 4. 305 4.337 
Ca 1.757 1. 746 1. 776 1. 773 1.760 1. 805 1. 783 








0.054 0.0 55 
4. 302 4.346 
















Olivine 3 Co2+ 13500C 
Oxide Weight Percent 
Si02 41.54 41.96 41.84 41.26 41.80 42.25 41.93 41.69 41.37 41.33 
CoO 0.93 0.98 0.93 0.95 0.96 0.94 0.92 0.96 0.96 0.92 
MgO 58.21 58.02 58.18 57.89 57.96 57.96 57.49 58.29 58.06 58.15 
cao 0.31 0.31 0.32 0.29 0. 32 0. 30 0.32 0.29 0. 30 0.33 
Al203 0.11 0.12 0.16 0. 30 0.15 0.14 0.12 0.10 0.46 0.12 
Total 101.09 101.38 101.43 100.70 101.19 101.59 100.78 101.33 101.15 100.84 
No. Moles on Basis of 24 Oxygens 
Si 5.826 5.846 5. 810 5.854 5.888 5.890 5.833 5. 800 5.814 5.814 
Co 0.104 0.110 0.104 0.108 0.108 0.10 5 0.103 0 .107 0.108 0.103 
Mg 12.169 12.087 12.117 12.152 12.099 12.040 12.038 12.157 12.134 12.191 
Ca 0.047 0.046 0.048 0.044 0.047 0.045 0.049 0.044 0.046 0.049 
Al 0.019 0.019 0.026 0.048 0.025 0.022 0.020 0.017 0.026 0.020 















Spinel 3 co2+ 1350oc 
Oxide Weight Percent 
0.47 0.38 0.45 0.16 0.17 0.17 0.26 0.19 0.27 0.18 
0.97 1.03 0.97 0.99 0.99 1.00 1.02 1.01 1.03 0.97 
27.75 27.71 27.30 27.48 27.42 27.54 27.27 27.40 27.40 27.67 
0 .14 0.15 0.19 0.28 0.15 0.15 0.23 0 .13 0 .19 0.12 
70.80 71.09 71.09 71.35 71.68 71.31 71.12 71.57 71.61 71.31 
No. Moles on Basis of 24 Oxygens 
0.064 0.0 52 0.062 0.022 0.023 0.022 0.036 0.026 0.037 0.025 
0.106 0.112 0 .10 7 0.108 0.108 0.109 0.112 0 .112 0.114 0.108 
5.658 5.638 5. 570 5.598 5.574 5.558 5.574 5.634 5.623 5.692 
0.020 0.022 0.027 0.041 0.022 0.022 0.034 0.020 0.028 0 .017 
12.058 12.082 12.115 12.139 12.166 12.178 12.139 12.122 12.108 12.088 




Liquid 3 co2+ 135ooc 
Oxide Weight Percent 
Si02 47.73 4 7. 34 4 7. 61 4 7. 70 4 7. 60 
coo 0.44 0.41 0.42 0.44 0.42 
Mgo 17.62 17.60 17.48 17.52 17.92 
cao 13.55 13.46 13.51 13.45 13.50 
Al203 21.26 21.30 21.17 21.47 21.38 
Total 100.60 100.12 100.17 100.57 100.82 
No. Moles on Basis of 24 Oxygens 
Si 6.577 6.555 6.586 6.571 6.546 
Co 0.049 0.045 0.046 0.048 0.047 
Mg 3.619 3.633 3.604 3.597 3.674 
Ca 2.000 1.997 2.002 1.986 1.989 




Olivine 3 Co2+ l3QQOC 
Oxide Weight Percent 
Si02 41.54 41.94 41.90 41.46 41.41 42.04 41.62 41. 50 40.91 40.85 40.85 
coo l.Ol 0.98 0.99 0.99 1.01 1.03 l.Ol 1.02 0.98 0.99 1.07 
MgO 57.92 57.57 57.94 58.67 58.61 58.43 57.56 58.56 58.25 57.94 57.84 
CaO 0.27 0.26 0.28 0.24 0.27 0.31 0.24 0.28 0.26 0.43 0.24 
Al203 0.97 0.29 0.52 0.17 0.13 0.46 0.12 0.58 0.65 0.53 0.13 
Total 101.71101.05101.63100.74101.54101.80 101.84101.04101.96101.11100.23 
No. Moles on Basis of 24 Oxygens 
Si 5.789 5.877 5.840 5.789 5.795 5.773 5.851 5.836 5.773 5.747 5.931 
Co 0.113 0.110 0 .110 0.111 0.113 0.115 0.113 0.115 0.110 0.112 0 .119 
Mg 12.030 12.025 12.038 12.232 12.223 12.180 12.120 12.030 12.143 12.199 11.953 
Ca 0.040 0.039 0.042 0.037 0.040 0.046 0.086 0.041 0.039 0.065 0.036 




Liquid 3 co2+ 13oooc 
Oxide Weight Percent 
Si02 48.96 48.95 4 7.16 49.32 49.52 
CoO 0.41 0.42 0.47 0.42 0.44 
MgO 15.72 15.78 15.37 15.81 15.79 
CaO 11.75 11.85 11.72 11.83 11.79 
Al203 21.46 21.33 21.75 21.46 21.39 
Total 98.32 98.33 96.46 98.83 98.93 
No. Moles on Basis of 24 Oxygens 
Si 6.823 6.824 6.712 6.836 6.854 
Co 0.046 0.047 0.053 0.046 0.049 
Mg 3.266 3.280 3.261 3.267 3.258 
Ca 1. 755 1.769 1.788 1.756 1. 750 




Olivine 3 Ni2+ 14oooc 
Oxide Weight Percent 
Si02 42.65 42.33 41.26 42.36 41.53 42.22 41.95 41.92 42.32 42.38 
NiO 1.62 1. 51 1.44 1. 56 1. 54 1. 66 1. 60 1. 56 1. 53 1. 54 
MgO 55.66 55.60 56.83 55.54 56.05 55.71 56.34 56.53 56.28 56.59 
cao 0.31 0.32 0.30 0.30 0.33 0.35 0. 30 0.31 0.34 0.33 
Al203 0.07 0.25 0.25 0.14 0.03 0.04 0.07 0.03 0.04 0.04 
Total 100.31 100.01 100.09 99.90 99.47 99.98 100.26 100.35 100.51 100.89 
No. Moles on Basis of 24 Oxygens 
Si 5.866 5.838 5. 803 5.849 5.821 5.832 5.833 5.825 5.865 5.853 
Ni 0.179 0.168 0.163 0.174 0.173 0.184 0.179 0.175 0.171 0.171 
Mg 12.026 12.047 12.124 12.050 12.128 12.090 12.092 12.122 12.039 12.063 
ca 0.046 0.048 0.045 0.044 0.050 0 .0 51 0.045 0.046 0.050 0.049 
Al 0 .011 0.041 0.041 0.023 0.005 0.007 0.012 0.005 0.006 0.006 




Spinel 3 Ni2+ l4oooc 
Oxide Weight Percent 
Si02 0.22 0.25 0.23 0.26 0.34 0.33 0.21 0.33 0.29 0.24 
NiO l. 75 1.61 1.64 l. 75 1.66 l. 74 l. 72 l. 59 1.63 1.65 
MgO 27.76 27.56 27.87 27.83 27.65 27.88 27.83 27.63 27.63 27.78 
cao 0 .12 O.ll 0.14 0.09 O.ll 0.16 0 .12 O.ll 0.10 0.13 
Al203 70.36 70.51 70.09 71.08 70.96 70.97 70.94 70.94 71.16 70.23 
Total 100.21 100.04 99.97 100.81 100.83 100.85 100.91 100.81 100.82 100.03 
No. Moles on Basis of 24 Oxygens 
Si 0.030 0.034 0.032 0.037 0.047 0.045 0.0 30 0.046 0.040 0.033 
Ni 0.195 0.180 0.183 0.196 0.186 0.193 0.193 0.178 0.183 0.184 
Mg 5.739 5. 70 l 5.773 5.775 5.732 5.679 5.782 5.772 5.729 5. 750 
ca 0.017 0.017 0.021 0 .013 0.016 0.023 0.018 0.016 0.015 0.020 
Al 11.992 12.023 11.993 11.962 11.981 12.009 11.965 11.961 11.995 11.979 















Liquid 3 Ni2+ 1400°c 
Oxide Weight Percent 
45.85 46.08 45.60 45.69 45.52 
0.35 0.31 0.32 0.33 0.35 
20.76 20. 76 20.83 20.81 20. 77 
11.70 11.55 11.56 11.50 11.55 
20.54 20.56 20.78 20.80 20.94 
99.19 99.26 99.08 99.13 99.14 
No. Moles on Basis of 24 Oxygens 
6.406 6.426 6.377 6. 384 6.363 
0.039 0.035 0.0 36 0.037 0.040 
4.323 4.316 4.342 4.328 4.334 
1. 741 1. 725 1. 732 1.722 1. 731 
















Olivine 3 Ni2+ 1350oc 
Oxide Weight Percent 
42.03 42.51 42.21 42.52 42.73 42.00 42.89 42.35 42.73 42.52 
1.43 1.48 1.42 1.46 1.45 1.48 1. 33 1. 34 1. 39 1. 31 
56.09 56.17 56.18 56.30 56.20 56.44 55.96 56.24 56.10 56.10 
0.28 0.29 0. 30 0.29 0.29 0.31 0.31 0.28 0.29 0.33 
0.00 0.88 0.73 0.02 0.04 0.03 0.03 0.06 0.09 0.21 
99.83 101.33 100.84 100.59 100.81 100.02 101.00 100.00 100.74 100.47 
No. Moles on Basis of 24 Oxygens 
5.861 5.837 5.825 5.883 5.897 5.849 5.904 5.889 5.898 5. 884 
0.160 0.163 0.157 0.162 0.161 0.166 0.148 0.150 0.154 0.146 
12.075 11.906 11.968 12.023 11.993 12.091 11.992 12.014 11.985 11.985 
0.042 0.043 0.045 0.043 0.042 0.047 0.045 0.042 0.043 0.049 
0.00 0.142 0.119 0.004 0.006 0.005 0.005 0.010 0.015 0.034 




Spinel 3 Ni2+ 13500C 
Oxide Weight Percent 
Si02 0.27 0.28 0. 20 0.18 0.31 0. 20 0 .17 0.33 0.18 0.28 
NiO 1. 56 1.62 1.61 1.65 1.60 1. 54 1.62 1. 56 1. 56 1. 55 
MgO 27.72 27.74 27.69 27.88 27.95 27.73 27.69 27.49 26.90 27.65 
CaO 0 .12 0 .19 0 .10 0.11 0.14 0.11 0.09 0.10 0.09 0.12 
Al203 70.84 70.22 71.03 70.43 70.36 70.20 70.65 70.48 71.28 70.80 
Total 100.51 100.05 100.63 100.27 100.37 99.77 100.21 99.88 100.01 100.40 
No. Moles on Basis of 24 Oxygens 
Si 0.038 0.038 0.027 0.025 0.044 0.027 0.024 0.046 0.026 0.0 39 
Ni 0.175 0.179 0.177 0.186 0.180 0 .172 0.182 0.174 0.175 0.174 
Mg 5.764 5.684 5.636 5.818 5.825 5.751 5.778 5.690 5.615 5.756 
Ca 0.017 0.028 0.014 0 .017 0.022 0.016 0.013 0.014 0.014 0.017 
Al 11.978 12.022 12.079 11.592 11.924 12.004 11.986 12.026 12.096 11.983 




Liquid 3 Ni 2+ l350°C 
Oxide Weight Percent 
Si02 46.63 46.99 47.22 47.35 47.46 
NiO 0.23 0.29 0.27 0.27 0.27 
MgO 18.61 18.51 18.60 18.45 18.54 
cao 12.80 12.62 12.40 12.83 12.79 
Al203 20.73 20.58 20.39 20.86 21.16 
Total 99.0 l 98.99 98.87 99.77 100.22 
No. Moles on Basis of 24 Oxygens 
Si 6.523 6.568 6.600 6.566 6.551 
Ni 0.026 0.033 0 .0 30 0.030 0.0 30 
Mg 3.881 3.856 3.875 3.815 3.813 
Ca l. 919 1.890 l. 857 l. 907 1.892 




Olivine 3 Ni2+ l3000C 
Oxide Weight Percent 
Si02 42.67 42.71 42.66 42.89 42.60 43.10 42.65 43.14 43.36 42.86 
NiO l. 25 l. 24 l. 28 1.19 l. 26 l. 27 l. 34 l. 22 1.30 l. 29 
MgO 56.35 56.19 56.24 56.27 56.34 56.12 56.47 56.76 56.16 56.07 
cao 0.26 0.26 0.24 0.25 0.26 0.26 0.29 0.26 0.25 0.25 
Al203 0.0 0.0 0.12 0.0 0.02 0.02 0.06 0.00 0.0 l 0.05 
Total 100.53 100.41 100.55 100.61 100.48 100.76 100.80 101.39 101.07 100.51 
No. Moles on Basis of 24 Oxygens 
Si 5.899 5. 910 5.897 5.920 5.963 5.939 5.954 5.963 5.955 5.923 
Ni 0.139 0.139 0.142 0.132 0.138 0.140 0.14 7 0.136 0.143 0.143 
Mg 12.025 12.003 11.999 11.990 11.983 11.938 11.889 11.899 11.908 11.962 
Ca 0.039 0.038 0.036 0.037 0.038 0.038 0.042 0.039 0.036 0.036 
Al 0.0 0.0 0.019 0.0 0. 00 3 0.003 0.010 0.0 0.001 0.009 




Liquid 3 Ni2+ 1300°c 
Oxide Weight Percent 
Si02 50.20 50.18 50.10 50.34 
NiO 0.17 0.17 0.24 0.21 
MgO 15.72 15.62 15.77 15.81 
cao 11.71 11.71 11.68 11.61 
Al203 21.05 21.00 21.02 21.37 
Total 98.84 98.68 98.81 99.34 
No. Moles on Basis of 24 Oxygens 
Si 6.935 6.943 6.927 6.918 
Ni 0.019 0.019 0.026 0.023 
Mg 3.236 3.221 3. 250 3.240 
Ca 1. 733 1. 736 1.730 1. 710 




Olivine 3 cr3+ 135ooc 
Oxide Weight Percent 
Si02 41.84 41.69 41.92 41.62 41.90 42.09 41.87 41.61 42.15 42.40 
Cr203 0.02 0.06 0.01 0.04 0.04 0.02 0.03 0.04 0.02 0.04 
Al203 0.04 0.24 0.0 7 0.05 0.06 0.0 5 0.07 0.31 0.13 0.08 
cao 0.38 0.38 0. 34 0. 34 0.33 0.33 0.34 0.31 0.28 0.31 
MgO 58.57 58.56 58.30 58.61 58.61 58.73 58.49 58.46 58.83 58.32 
Total 100.84 100.93 100.64 100.66 100.93 101.22 100.80 100.73 101.41 101.14 
No. Moles on Basis of 24 Oxygens 
Si 5.855 5.833 5.875 5.838 5.859 5.867 5.861 5.830 5.863 5. 908 
Cr 0.002 0.007 0.002 0.004 0.004 0.002 0.004 0.00 5 0 .00 3 0.004 
Al 0.007 0.039 0.011 0.009 0.010 0.009 0.011 0.0 52 0.021 0.014 
ca 0.0 57 0.0 57 0.050 0.051 0.049 0.049 0.052 0.046 0.041 0.046 
Mg 12.219 12.212 12.180 12.256 12.215 12.202 12.205 12.211 12.197 12.113 
Cc/Cm 0.23 0.82* 0.23 0.47 0.47 0.23 0.46 0.58 0.35 0.47 
















Spinel 3 cr3+ 1350oc 
Oxide Weight Percent 
0.07 0.06 0.07 0.18 0.15 0.08 0.19 0.15 0.10 0.55 
7.0 3 17.88 18.25 18.37 6.92 5.99 10.65 12.51 6.73 10.80 
67.47 56.63 55.61 54.83 67.89 68.67 64.90 62.24 68.38 64.04 
0.22 0.17 0.40 0.24 0.32 0.24 0.18 0.37 0.19 0. 30 
24.32 28.12 25.30 25.31 27. 54 24.55 26.51 25.56 25.04 26.49 
99.10 102.85 99.61 98.94 102.82 99.73 102.43 100.83 100.45 102.18 
No. Moles on Basis of 24 oxygens 
0.011 0 .010 0 .011 0.029 0.021 0.012 0.028 0.022 0.015 0.081 
0.920 2.398 2.534 2.571 0.875 0.774 1. 375 1.660 0.868 1.399 
11.772 10.130 10.301 10.236 11.442 11.874 11.178 11.012 11.754 11.068 
0 .o 34 0.027 0.067 0.041 0.049 0.038 0.028 0.0 59 0.0 30 0.046 
5.366 6.361 5.727 5.976 5.871 5.352 5.774 5.719 5.442 5.790 




Liquid 3 cr3+ 13500C 
Oxide Weight Percent 
Sio2 48.00 47.61 47.89 47.94 47.62 
Cr203 0.05 0.07 0.05 0.08 0.06 
Al203 21.67 21.66 21.46 21.43 21.65 
CaO 13.81 13.76 13.91 13.72 13.64 
MgO 16.74 16.93 16.68 16.94 16.92 
Total 100.27 100.03 99.98 100.10 99.88 
No. Moles on Basis of 24 Oxygens 
Si 6.616 6.584 6.623 6.621 6.591 
Cr 0.006 0.009 0.006 0.009 0.007 
Al 3.521 3.530 3.498 3.488 3.532 
Ca 2.040 2.038 2.061 2.030 2.022 




Olivine 3 cr3+ 13oooc 
Oxide Weight Percent 
Si02 42.36 42.08 41.80 41.75 41.88 41.47 41.73 41.89 41.85 41.86 
cr203 0.04 0.06 0.07 0.14 0.05 0.10 0.06 0.10 0.09 0.08 
Al203 0.03 0 .10 0.22 0.37 0.04 0.36 0.19 0.18 0.29 0. 30 
cao 0.35 0.35 0.39 0.35 0.34 0.34 0.38 0.33 0.33 0.37 
MgO 57.62 58.09 57.76 57.88 58.09 58.11 58.10 58.00 57.82 58.0 5 
Total 100.41 100.68 100.25 100.49 100.39 100.37 100.47 100.49 100.38 100.66 
No. Moles on Basis of 24 Oxygens 
Si 5.942 5.894 5.882 5.863 5.884 5.832 5.861 5.880 5.879 5.867 
Cr 0.005 0.007 0.009 0.017 0.00 5 0.013 0.008 0 .012 0 .012 0 .010 
Al 0.006 0.016 0.036 0.061 0.006 0.059 0.032 0.029 0.049 0.050 
ca 0.053 0 .0 52 0.059 0.053 0.051 0.052 0.057 0 .0 50 0 .0 50 0.055 
Mg 12.049 12.128 12.114 12.113 12.166 12.182 12.165 12.135 12.108 12.127 
Cc/Crn 0.52 0.73 0. 94 1. 77 * 0. 52 1.3s* 0.83 1.25* 1.25* 1.04* 




Si02 0.08 0.21 
Cr2o 3 21.79 22.56 
Al203 51.36 49.62 
cao 0.27 0.25 
MgO 25.20 24.75 
Total 98.69 97.29 
Si 0.013 0.034 
Cr 3.] 20 3.281 
Al 9.813 9.670 
Ca 0.046 0.044 
Mg 6.089 6.101 
Cc/Cm 309 324 
Spinel 3 Cr3+ 13000C 
Oxide Weight Percent 
0.11 0.11 0.19 0.10 0.08 
22.85 22.05 19.72 23.90 22.65 
49.87 50.65 52.98 48.63 50.37 
0.36 0.37 0.28 0.30 0.23 
24.97 24.62 24.54 24.98 25.65 
98.17 97.71 97.89 98.98 98.69 
No. Moles on Basis of 24 Oxygens 
0.018 0.018 0.030 0.016 0.013 
3.314 3.194 2.819 3.499 3.251 
9.650 9.790 10.103 9.498 9.647 
0.064 0.066 0.048 0.052 0.040 
6.111 6.019 5.918 6.169 6.212 







































Liquid 3 cr3+ 13oooc 
Oxide Weight Percent 
49.93 49.90 49.84 49.89 49.83 
0.06 0.08 0.07 0.07 0.06 
21.07 21.09 21.11 21.14 21.12 
13.40 13.43 13.25 13.31 13.26 
15.10 15.20 15.25 15.17 14.99 
99.55 99.71 99.62 99.57 99.27 
No. Moles on Basis of 24 Oxygens 
6.886 6.875 6.871 6.878 6.888 
0.007 0.009 0.008 0.009 0.008 
3.425 3.425 3.430 3.435 3.442 
1.980 1.983 1.973 1.966 1.964 
















Pyroxene 4 Fe2+ 1400°c 
Oxide Weight Percent 
60.15 60.15 60.07 59.94 60.58 58.74 59.73 59.75 59.52 60.09 
0.15 0.15 0.14 0.13 0.14 0.18 0.12 0.15 0.17 0.17 
40.85 41.15 40.96 40.84 40.99 39.94 40.69 40.70 40.55 40.81 
0.38 0.25 0.25 0.26 0.26 0.23 0.24 0.23 0.25 0.25 
0.65 0.39 0.54 0.39 0.41 0.54 0.37 0.56 0.38 0.62 
102.19 102.10 101.95 101.57 102.38 99.62 101.15 101.39 100.84 101.94 
No. MOles on Basis of 24 Oxygens 
7.818 7.900 7.898 7.911 7.928 7.902 7.915 7.900 7.913 7.902 
0.017 0.017 0.015 0.015 0.015 0.020 0.013 0.016 0.019 0.019 
7.915 8.057 8.028 7.997 8.011 8.037 8.021 8.035 8.000 8.000 
0.053 0.036 0.035 0.037 0.032 0.034 0.032 0.032 0.035 0.035 
0.097 0.060 0.083 0.061 0.064 0.086 0.057 0.087 0.059 0.095 




Liquid 4 Fe2+ 14oooc 
Oxide Weight Percent 
Si02 58.47 58.45 58.27 58.08 57.88 
FeO 0.56 0.52 0.54 0.57 0.52 
MgO 22.54 23.21 23.35 22.47 22.97 
CaO 6.62 6.61 6.57 6.85 6.87 
Al203 11.58 11.74 11.76 11.93 12.14 
Total 99.78 100.54 100.49 99.91 100.39 
No. Moles on Basis of 24 Oxygens 
Si 7.858 7.803 7.785 7.805 7.749 
Fe 0.063 0.059 0.061 0.065 0.059 
Mg 4.516 4.619 4.650 4.502 4.584 
Ca 0.954 0.945 0.941 0.986 0.986 
















Pyroxene 4 Fe2+ 135ooc 
Oxide Weight Percent 
59.51 59.54 60.06 59.65 60.01 59.85 60.08 60.36 60.22 60.35 
0.19 0.19 0.21 0.20 0.16 0.18 0.19 0.21 0.19 0.17 
40.59 40.62 40.76 40.35 40.75 40.37 40.70 40.89 40.71 40.84 
0.43 0.31 0.30 0.51 0.33 0.31 0.33 0.29 0.28 0.28 
1.01 0.81 0.81 1.31 0.74 0.83 0.99 0.84 0.76 0.65 
101.73 101.47 102.15 102.03 101.99 101.54 102.28 102.59 102.16 102.30 
No. Moles on Basis of 24 Oxygens 
7.851 7.871 7.885 7.846 7.889 7.900 7.876 7.889 7.901 7.907 
0.021 0.021 0.023 0.021 0.018 0.020 0.021 0.022 0.021 0.019 
7.982 8.004 7.977 7,910 7.986 7.944 7.952 7.965 7.962 7.976 
0.060 0.044 0.043 0.073 0.046 0.043 0.046 0.040 0.039 0.039 
0.157 0.126 0.125 0.203 0.115 0.128 0.153 0.130 0.117 0.101 




Liquid 4 Fe2+ 135ooc 
Oxide Weight Percent 
Si02 58.22 58.47 58.68 59.08 58.78 
FeO 0.59 0.60 0.61 0.58 0.60 
MgO 18.91 18.98 19.05 18.96 18.92 
CaO 8.19 8.22 8.21 8.22 8.25 
Al203 14.53 14.64 14.57 14.65 14.74 
Total 100.44 100.91 101.12 101.50 101.29 
No. Moles on Basis of 24 Oxygens 
Si 7.781 7.777 7.788 7.807 7.787 
Fe 0.066 0.067 0.067 0.064 0.067 
Mg 3.766 3.763 3.769 3.734 3.736 
Ca 1.172 1.168 1.164 1.171 1.172 
















Pyroxene 4 Fe2+ 13oooc 
Oxide Weight Percent 
59 ,• 40 59.31 59.75 59.51 59.69 59.67 59.91 59.75 59.40 59.18 
0.22 0.21 0.22 0.25 0.24 0.21 0.24 0.21 0.22 0.24 
40.26 40.04 40.19 40.22 40.26 40.24 39.95 40.45 39.67 40.21 
0.35 0.35 0.34 0.46 0.41 0.42 0.53 0.37 0.51 0.39 
1.18 1.00 1.07 1.29 1.25 1.07 1.42 1.41 1.38 1.05 
101.42 100.91 101.56 101.73 101.86 101.61 102.05 102.19 101.17 101.08 
No. Moles on Basis of 24 Oxygens 
7.856 7.881 7.886 7.850 7.860 7.876 7.872 7.842 7.872 7.857 
0.025 0.023 0.024 0.027 0.027 0.023 0.027 0.023 0.024 0.027 
7.937 7.931 7.906 7.908 7.903 7.918 7.824 7.914 7.836 7.956 
0.050 0.049 0.048 0.065 0.058 0.059 0.074 0.053 0.072 0.056 
0.185 0.157 0.166 0.200 0.194 0.166 0.220 0.218 0.216 0.169 




Liquid 4 Fe2+ 13oooc 
Oxide Weight Percent 
Si02 57.50 57.64 57.66 57.82 57.75 
FeO 0.68 0.64 0.59 0.62 0.61 
MgO 14.77 14.86 14.92 14.87 14.91 
CaO 9.68 9.70 9.67 9.82 9.65 
Al203 16.34 16.41 16.61 16.84 16.43 
Total 98.96 99.25 99.45 99.97 99.33 
No. Moles on Basis of 24 Oxygens 
Si 7.804 7.799 7.784 7.769 7.804 
Fe 0.077 0.072 0.067 0.070 0.069 
Mg 2.987 2.997 3.002 2.978 3.003 
Ca 1.408 1.407 1.399 1.414 1.397 
















Pyroxene 4 co2+ 14oooc 
Oxide Weight Percent 
59.65 59.86 59.55 59.51 59.39 60.21 59.47 58.96 59.27 59.17 
0.47 0.50 0.47 0.47 0.48 0.45 0.53 0.50 0.47 0.50 
40.37 40.37 39.94 39.74 39.80 40.35 39.98 39.58 39.92 40.19 
0.41 0.51 0.38 0.25 0.49 0.42 0.55 0.30 0.38 0.35 
1.33 1.46 1.08 0.56 1.20 2.03 1.91 0.72 1.54 0.52 
102.33 102.70 101.42 100.13 101.36 103.47 102.45 100.07 101.59 100.72 
No. Moles on Basis of 24 Oxygens 
7.838 7.832 7.882 7.921 7.869 7.812 7.803 7.909 7.835 7.892 
0.049 0.052 0.050 0.050 0.051 0.047 0.056 0.054 0.050 0.052 
7.908 7.874 7.881 7.939 7.861 7.804 7.818 7.913 7.867 7.991 
0.058 0.071 0.053 0.036 0.070 0.058 0.078 0.044 0.054 0.049 
0.206 0.226 0.169 0.089 0.187 0.311 0.295 0.114 0.240 0.081 




Liquid 4 Co2+ 14000C 
Oxide Weight Percent 
Si02 57.87 57.96 57.74 58.00 57.95 
CoO 0.48 0.48 0.50 0.48 0.49 
MgO 22.45 22.34 21.92 22.06 22.32 
CaO 6.83 6.90 6.82 6.94 7.11 
Al203 11.98 11.98 12.22 12.08 12.06 
Total 99.61 99.66 99.19 99.57 99.92 
No. Moles on Basis of 24 Oxygens 
Si 7.798 7.807 7.808 7.818 7.791 
Co 0.052 0.052 0.054 0.052 0.053 
Mg 4.510 4.486 4.419 4.432 4.474 
Ca 0.986 0.996 0.988 1.003 1.025 
















Pyroxene 4 Co2+ 13500C 
Oxide Weight Percent 
59.93 59.53 60.40 59.16 59.65 59.72 59.30 60.16 59.31 59.68 
0.47 0.50 0.51 0.50 0.51 0.51 0.54 0.49 0.53 0.53 
40.22 40.20 39.97 40.34 40.24 40.39 39.87 39.74 40.55 40.55 
0.31 0.28 0.27 0.35 0.29 0.31 0.33 0.41 0.31 0.32 
0.90 0.62 0.75 1.04 0.60 0.82 0.76 1.39 0.75 0.94 
101.83 101.12 102.23 101.01 101.39 101.60 101.32 102.32 102~32 102.03 
No. Moles on Basis of 24 Oxygens 
7.898 7.903 7.926 7.866 7.900 7.892 7.865 7.887 7.911 7.860 
0.050 0.053 0.054 0.054 0.054 0.057 0.053 0.057 0.056 0.056 
7.901 7.956 7.882 7.921 7.964 7.927 7.987 7.793 7.901 7.960 
0.043 0.039 0.038 0.049 0.041 0.043 0.047 0.057 0.044 0.046 
0.140 0.097 0.116 0.163 0.094 0.127 0.119 0.215 0.117 0.146 




Liquid 4 co2+ 135ooc 
Oxide Weight Percent 
Si02 58.06 57.98 57.61 57.70 57.67 
CoO 0.46 0.46 0.44 0.42 0.44 
MgO 18.85 18.79 18.77 18.84 18.62 
CaO 8.29 8.38 8.35 8.26 8.23 
Al203 14.56 14.60 14.61 14.63 14.47 
Total 100.56 100.22 99.79 99.86 99.43 
No. Moles on Basis of 24 Oxygens 
Si 7.775 7.768 7.753 7.756 7.782 
Co 0.050 0.049 0.048 0.045 0.048 
Mg 3.763 3.752 3.765 3.775 3.745 
Ca 1.190 1.204 1.205 1.190 1.190 















Pyroxene 4 Co2+ 13000C 
Oxide Weight Percent 
59.33 59.50 59.76 59.61 59.86 59.43 59.88 59.10 59.75 59.63 
0.59 0.57 0.55 0.55 0.56 0.52 0.53 0.54 0.55 0.53 
39.07 39.44 39.07 39.72 40.35 40.15 40.37 40.23 39.44 40.15 
0.37 0.68 0.52 0.45 0.41 0.38 0.50 0.38 0.63 0.41 
1.16 1.71 1.43 1.41 1.19 1.10 1.56 1.07 1.63 1.87 
100.53 101.91 101.33 101.69 102.36 101.58 102.85 101.33 101.99 102.59 
No. Moles on Basis of 24 Oxygens 
7.918 7.846 7.911 7.868 7.857 7.860 7.824 7.841 7.867 7.808 
0.063 0.060 0.058 0.055 0.055 0.058 0.058 0.058 0.058 0.056 
7.773 7.752 7.710 7.815 7.895 7.915 7.864 7.955 7.741 7.838 
0.053 0.096 0.074 0.064 0.057 0.054 0.071 0.054 0.089 0.058 
0.183 0.266 0.223 0.219 0.183 0.171 0.241 0.168 0.253 0.289 




Liquid 4 co2+ l3oooc 
Oxide Weight Percent 
Si02 58.20 58.39 57.46 57.86 57.69 
CoO 0.37 0.40 0.40 0.40 0.38 
MgO 14.94 14.90 14.66 14.74 14.77 
CaO 9.85 9.97 9.91 9.90 9.94 
Al203 16.76 16.71 16.56 16.74 16.61 
Total 100.12 100.36 98.99 99.63 99.40 
No. Moles on Basis of 24 Oxygens 
Si 7.797 7.806 7.792 7.790 7.792 
Co 0.040 0.043 0.043 0.043 0.042 
Mg 2.983 2.969 2.963 2.958 2.973 
Ca 1.413 1.428 1.440 1.429 1.438 




Si02 59.25 59.07 
NiO 0.64 0.69 
MgO 37.78 37.45 
CaO 0.31 0.28 
Al203 0.65 0.63 
Total 98.62 98.12 
Si 8.043 8.047 
Ni 0.070 0.076 
Mg 7.644 7.616 
Ca 0.045 0.041 
Al 0.104 0.100 
Cc/Cm 1.68 1.82 
Pyroxene 4 Ni2+ 14000C 
Oxide Weight Percent 
59.17 59.88 60.11 59.81 59.98 59.35 59.79 
0.69 0.69 0.70 0.72 0.68 0.69 0.70 
37.81 38.31 38.53 38.19 38.47 38.18 38.74 
0.28 0.25 0.27 0.28 0.24 0.26 0.28 
0.52 0.52 0.55 0.58 0.58 0.60 0.52 
98.48 99.65 100.15 99.58 99.08 100.03 100.03 
No. Moles on Basis of 24 Oxygens 
8.058 8.046 8.038 8.044 8.036 8.024 8.012 
0.075 0.074 0.076 0.078 0.074 0.075 0.075 
7.665 7.673 7.680 7.656 7.682 7.696 7.739 
0.041 0.036 0.039 0.040 0.035 0.037 0.040 
0.084 0.083 0.086 0.092 0.092 0.095 0.082 
















Liquid 4 Ni2+ 14000C 
Oxide Weight Percent 
Si02 58.62 58.46 58.36 58.18 58.43 
NiO 0.34 0.40 0.38 0.39 0.34 
MgO 21.67 21.74 21.74 21.78 21.27 
CaO 7.07 6.98 7.12 7.13 6.92 
Al203 12.45 12.39 12.68 12.48 12.17 
Total 100.15 99.98 100.31 99.60 99.14 
No. Moles on Basis of 24 Oxygens 
Si 7.842 7.836 7.801 7.831 7.888 
Ni 0.036 0.043 0.041 0.0420.037 
Mg 4.321 4.344 4.340 4.299 4.281 
Ca 1.014 1.003 1.020 1.028 1.002 




Si02 60.20 59.37 
NiO 0.67 0.66 
MgO 38.35 38.16 
CaO 0.30 0.27 
Al203 0.78 0.82 
Total 100.29 99.27 
Si 8.036 8.010 
Ni 0.072 0.071 
Mg 7.631 7.674 
Ca 0.043 0.040 
Al 0.123 0.130 
Cc/Cm 2.41 2.37 
Pyroxene 4 Ni2+ 13500C 
Oxide Weight Percent 
60.11 60.27 59.85 60.12 59.55 
0.66 0.66 0.65 0.62 0.62 
38.18 38.58 38.28 38.21 37.84 
0.27 0.30 0.21 0.33 0.28 
0.76 0.90 0.81 0.65 0.89 
99.99 100.70 99.89 100.01 99.23 
No. Moles on Basis of 24 Oxygens 
8.046 8.014 8.023 8.047 8.032 
0.071 0.070 0.070 0.067 0.073 
7.617 7.647 7.648 7.643 7.609 
0.039 0.043 0.044 0.044 0.047 
0.120 0.141 0.128 0.102 0.141 




























Liquid 4 Ni2+ 13500C 
Oxide Weight Percent 
Si02 58.47 58.26 58.27 58.18 58.30 
NiO 0.27 0.26 0.25 0.27 0.26 
MgO 17.85 17.70 17.74 17.77 17.70 
CaO 8.57 8.68 8.57 8.65 8.51 
Al203 14.96 14.92 15.01 15.44 15.17 
Total 100.13 99.80 99.85 100.31 99.94 
No. Moles on Basis of 24 Oxygens 
Si 7.822 7.821 7.817 7.773 7.811 
Ni 0.029 0.028 0.027 0.029 0.028 
Mg 3.560 3.514 3.547 3.538 3.535 
Ca 1.229 1.248 1.232 1.239 1.222 




Si02 60.04 59.97 
NiO 0.71 0.66 
MgO 38.12 37.29 
CaO 0.47 0.43 
Al203 1.16 1.28 
Total 100.51 99.63 
Si 8.004 8.050 
Ni 0.076 0.071 
Mg 7.575 7.463 
Ca 0.067 0.062 
Al 0.182 0.203 
Cc/Cm 2.77 2.60 
Pyroxene 4 Ni2+ 135ooc 
Oxide Weight Percent 
59.18 59.64 59.88 60.23 60.09 59.67 
0.70 0.66 0.67 0.67 0.69 0.66 
37.92 38.14 37.78 37.47 37.90 38.64 
0.37 0.45 0.42 0.43 0.37 0.42 
1.10 1.28 1.76 1.81 1.33 1.18 
88.27 100.17 100.51 100.62 100.38 100.56 
No. Moles on Basis of 24 Oxygens 
7.989 7.979 7.977 8.008 8.013 7.956 
0.076 0.071 0.072 0.072 0.074 0.070 
7.630 7.605 7.501 7.426 7.533 7.680 
0.054 0.064 0.060 0.061 0.053 0.060 
0.175 0.201 0.276 0.284 0.209 0.185 




























Liquid 4 Ni2+ 13000C 
Oxide Weight Percent 
Si0 2 58.70 58.22 58.62 58.51 58.54 
NiO 0.22 0.26 0.24 0.23 0.25 
MgO 14.11 14.11 14.12 14.20 14.04 
CaO 10.16 10.26 10.27 10.18 10.23 
Al203 17.68 17.74 17.74 17.54 17.30 
Total 100.87 100.58 100.99 100.67 100.37 
No. Moles on Basis of 24 Oxygens 
Si 7.794 7.761 7.779 7.788 7.815 
Ni 0.024 0.027 0.025 0.025 0.027 
Mg 2.793 2.804 2.793 2.818 2.794 
Ca 1. 445 1.465 1.460 1.452 1. 464 




Si02 57.69 57.19 
Cr2o3 0.61 0.70 
Al20 3 1.26 1.61 
CaO 0.25 0.43 
MgO 39.85 39.39 
Total 99.66 99.32 
Si 7.787 7.754 
Cr 0.073 0.083 
Al 0.200 0.257 
Ca 0.036 0.063 
Mg 8.018 7.960 
Cc/Cm 2.08 2.36 
Pyroxene 4 cr3+ 14oooc 
Oxide Weight Percent 
57.52 57.31 57.67 56.67 57.60 
0.54 0.56 0.51 0.86 0.51 
1.29 1.47 1.16 2.53 0.88 
0.33 0.36 0.37 0.32 0.34 
39.64 39.16 39.63 39.46 39.57 
99.26 99.34 98.87 100.00 98.80 
No. Moles on Basis of 24 Oxygens 
7.793 7.763 7.837 7.642 7.837 
0.065 0.068 0.062 0.102 0.062 
0.207 0.234 0.186 0.402 0.142 
0.047 0.052 0.053 0.047 0.050 
7.992 8.003 7.933 7.965 8.003 




























Pyroxene 4 Cr3+ 14000C (Cont'd) 
Oxide Weight Percent 
Si02 57.48 56.88 57.41 57.21 57.07 
Cr203 0.68 0.80 0.47 0.61 0.52 
Al203 1.73 2.36 1.11 1.77 1.84 
CaO 0.41 0.48 0.41 0.46 0.42 
MgO 39.21 39.21 39.21 39.09 39.59 
Total 99.51 99.73 98.60 99.13 99.36 
No. Moles on Basis of 24 Oxygens 
Si 7.772 7.687 7.825 7.764 7.729 
Cr 0.081 0.095 0.056 0.073 0.063 
Al 0.276 0.376 0.178 0.283 0.294 
Ca 0.059 0.069 0.060 0.066 0.061 
Mg 7.902 7.899 7.967 7.907 7.977 




Liquid 4 cr3+ 14oooc 
Oxide Weight Percent 
Si02 57.47 57.70 57.67 57.45 57.58 
Cr203 0.26 0.28 0.27 0.28 0.26 
Al203 12.01 12.01 12.00 12.00 11.99 
CaO 7.09 6.87 6.86 7.15 7.04 
MgO 21.97 22.07 22.26 21.78 22.11 
Total 98.81 98.93 99.06 98.66 98.99 
NO. Moles on Basis of 24 Oxygens 
Si 7.803 7.817 7.805 7.813 7.803 
Cr 0.032 0.034 0.033 0.034 0.031 
Al 1.922 1.918 1.914 1.923 1.915 
Ca 1.032 0.998 0.995 1.042 1. 023 




Si02 57.55 57.91 
cr 2o3 0.73 0.56 
Al203 2.10 1.24 
CaO 0.37 0.40 
MgO 39.26 39.19 
Total 100.01 99.30 
Si 7.743 7.836 
Cr 0.086 0.067 
Al 0.334 0.198 
Ca 0.054 0.058 
Mg 7.873 7.905 
Cc/Cm 4.31 3.37 
Pyroxene 4 cr3+ 13sooc 
Oxide Weight Percent 
57.17 57.85 57.25 57.32 56.91 
0.61 0.64 0.90 0.79 0.73 
1.95 1. 57 1.45 1.43 1.91 
0.34 0.39 0.32 0.32 0.40 
39.13 39.69 39.41 39.35 38.86 
99.21 100.07 99.32 99.29 98.93 
No. Moles on Basis of 24 Oxygens 
7.751 7.776 7.765 7.775 7.746 
0.073 0.068 0.107 0.095 0.088 
0.312 0.249 0.231 0.229 0.306 
0.049 0.046 0.046 0.058 0.077 
7.908 7.964 7.953 7.969 7.955 




























Pyroxene 4 cr3+ 13500C (Cont'd) 
Oxide Weight Percent 
Si02 57.45 57.70 57.45 57.81 57.22 
cr 2o3 0.48 0.54 0.53 0.57 0.72 
Al203 2.58 1.46 1.45 1.52 2.02 
CaO 0.37 0.39 0.33 0.39 0.41 
MgO 39.11 39.00 39.30 38.39 38.94 
Total 99.99 99.09 99.06 99.23 99.31 
No. Moles on Basis of 24 Oxygens 
Si 7.721 7.823 7.796 7.827 7.753 
Cr 0.057 0.065 0.053 0.057 0.072 
Al 0.408 0.234 0.231 0.243 0.322 
Ca 0.054 0.056 0.048 0.057 0.059 
Mg 7.835 7.832 7.950 7.856 7.864 




Liquid 4 cr3+ 135ooc 
Oxide Weight Percent 
Si02 57.60 57.22 57.09 57.40 57.23 
Cr203 0.15 0.15 0.13 0.17 0.16 
Al203 14.73 14.63 14.71 14.79 14.82 
CaO 8.61 8.68 8.58 8.54 8.78 
MgO 17.42 17.55 17.71 17.50 17.62 
Total 98.50 98.23 98.23 98.40 98.61 
No. Moles on Basis of 24 Oxygens 
Si 7.829 7.807 7.790 7.812 7.783 
Cr 0.018 0.018 0.016 0.021 0.020 
Al 2.360 2.353 2.366 2.373 2.376 
Ca 1.254 1.269 1.254 1.279 1.245 




Pyroxene 4 cr3+ 1300°C 
Oxide Weight Percent 
Si02 56.90 57.09 57.40 57.09 57.38 57.39 
cr2o3_ 0.42 0.51 0.54 0.59 0.47 0.59 
Al203 1.72 1.81 1.92 1.80 1.48 2.33 
CaO 0.63 0.74 0.49 0.64 0.44 0.53 
MgO 38.52 38.00 38.93 38.59 39.08 38.69 
Total 98.19 9.8.16 99.38 98.71 98.84 99.52 
No. Moles on Basis of 24 Oxygens 
Si 7.790 7.818 7.774 7.781 7.803 7.753 
Cr 0.050 0.062 o:o64 0.071 0.057 0.071 
Al 0.278 0.291 0.306 0.288 0.237 0.370 
Ca 0.092 0.109 0.072 0.093 0.064 0.076 
Mg 7 -~'860 7.756 7.859 7.840 7.920 7.790 








































Liquid 4 cr3+ 13oooc 
Oxide Weight Percent 
Si02 57.50 56.99 57.10 57.31 56.91 
Cr203 0.11 0.11 0.10 0.10 0.12 
Al203 17.03 17.04 16.79 16.77 16.78 
CaO 10.08 10.02 10.01 10.05 10.00 
MgO 13.75 13.75 13.82 13.74 13.73 
Total 98.47 97.91 97.82 97.98 97.54 
No. Moles on Basis of 24 Oxygens 
Si 7.818 7.797 7.817 7.832 7.815 
Cr 0.013 0.014 0.012 0.012 0.014 
A1 2.730 2.747 2.710 2.702 2.716 
Ca 1.469 1.469 1.468 1. 472 1.472 




Spinel 4 cr3+ 13000C 
Oxide Weight Percent 
Si02 0.54 00.36 0.39 0.43 0.35 
Cr203 55.07 55.93 56.19 56.22 55.35 
A1203 13.13 15.16 14.81 13.74 13.83 
CaO 0.25 0.26 0.61 0.25 0.29 
MgO 29.08 28.60 28.38 28.67 28.83 
Total 98.07 100.31 100.39 99.31 98.65 
No. Moles on Basis of 24 Oxygens 
Si 0.123 0.079 0.088 0.097 0.079 
Cr 11.160 10.990 11.067 11.257 11.133 
A1 3.549 3.974 3.893 3.671 3.714 
Ca 0.062 0.063 0.146 0.061 0.071 
Mg 7.209 6.828 6.773 6.982 7.067 




Liquid 4 cr3+ 13000C 
Oxide Weight Percent 
Si02 57.07 56.72 56.71 56.89 57.03 
Cr203 0.07 0.08 0.08 0.10 0.08 
Al203 16.96 16.79 16.89 16.94 16.84 
CaO 10.19 10.08 10.07 10.17 9.99 
MgO 13.71 13.83 13.94 13.63 13.66 
Total 98.00 97.51 97.69 97.73 97.60 
No. Moles on Basis of 24 Oxygens 
Si 7.803 7.795 7.781 7.800 7.823 
Cr 0.009 0.010 0.010 0.012 0.009 
Al 2.734 2.712 2.731 2.738 2.792 
Ca 1.492 1. 484 1.481 1.494 1.469 




Si02 55.03 55.98 
FeO 0.43 0.37 
MgO 38.96 39.71 
CaO 0.36 0.23 
Al203 0.98 0.46 
Total 95.65 96.75 
Si 7.742 7.788 
Fe 0.050 0.043 
Mg 8.169 8.235 
Ca 0.054 0.034 
Al 0.162 0.075 
Cc/Cm 0.46 0.40 
Pyroxene 5 Fe2+ 14oooc 
Oxide Weight Percent 
54.75 55.97 56.90 56.40 56.55 
0.53 0.40 0.28 0.35 0.35 
38.42 39.53 40.05 36.69 39.84 
0.37 0.35 0.25 0.32 0.27 
1.31 1.29 0.52 1.27 0.69 
95.38 97.55 97.99 98.03 97.71 
No. Moles on Basis of 24 Oxygens 
7.733 7.726 7.807 7.742 7.787 
0.063 0.046 0.032 0.041 0.040 
8.090 8.135 8.191 8.122 8.177 
0.056 0.053 0.037 0.047 0.041 
0.218 0.210 0.083 0.205 0.111 




























Liquid 5 Fe2+ 14oooc 
Oxide Weight Percent 
Si02 56.07 56.49 57.01 57.06 
FeO 0.85 0.92 0.88 0.85 
MgO 21.08 21.10 21.42 21.02 
Al203 11.46 11.64 11.51 11.35 
CaO 6.56 6.71 6.68 6.48 
Total 96.03 96.86 97.51 96.75 
No. Moles on Basis of 24 Oxygens 
Si 7.843 7.383 7.855 7.908 
Fe 0.100 0.106 0.101 0.099 
Mg 4.396 4.364 4.400 4.342 
Ca 0.983 0.997 0.987 0.962 




Si02 56.91 56.70 
FeO 0.31 0.37 
MgO 39.98 39.85 
CaO 0.27 0.27 
Al203 0.56 0.74 
Total 98.03 97.93 
Si 7.807 7.790 
Fe 0.035 0.043 
Mg 8.176 8.160 
Ca 0.040 0.039 
Al 0.091 0.119 
Cc/Cm 0.28 0.34 
Pyroxene 5 Fe2+ 135ooc 
Oxide Weight Percent 
57.50 56.75 56.68 56.89 57.52 
0.32 0.35 0.34 0.35 0.30 
39.55 39.57 40.02 40.20 40.18 
0.27 0.26 0.25 0.28 0.25 
0.75 0.66 0.51 0.59 0.65 
98.39 97.60 97.55 98.13 98.92 
No. Moles on Basis of 24 Oxygens 
7.848 7.817 7.814 7.798 7.816 
0.037 0.040 0.039 0.040 0.034 
8.047 8.125 8.172 8.179 8.142 
0.039 0.038 0.037 0.041 0.036 
0.121 0.108 0.083 0.096 0.104 




























Liquid 5 Fe2+ 13500C 
oxide Weight Percent 
Sio2 57.13 57.86 56.89 57.93 
FeO 1. 02 1.00 1.00 0.97 
MgO 17.19 17.05 17.22 17.18 
cao 7.77 7.76 7.78 7.76 
Al203 13.56 13.48 13.44 13.56 
Total 96.66 97.15 96.32 97.40 
No. Moles on Basis of 24 Oxygens 
Si 7.924 7.975 7.920 7.965 
Fe 0.118 0.115 0.116 0.112 
Mg 3.554 3.503 3.574 3.521 
Ca 1.155 1.146 1.161 1.143 
















Pyroxene 5 Fe2+ 13oooc 
Oxide Weight Percent 
58.76 58.93 59.31 59.20 59.09 59.43 59.61 59.56 59.40 
0.50 0.39 0.47 0.42 0.45 0.42 0.45 0.49 0.45 
40.55 40.62 39.52 40.82 40.05 40.18 40.45 40.38 40.62 
0.31 0.32 0.33 0.34 0.37 0.34 0.33 0.35 0.31 
0.88 0.93 0.84 1.44 1.11 1.08 0.63 0.92 0.77 
101.00 101.19 100.47 102.22 101.07 101.45 101.47 101.70 101.55 
No. Moles on Basis of 24 Oxygens 
7.823 7.825 7.918 7.785 7.851 7.864 7.888 7.866 7.858 
0.056 0.044 0.053 0.047 0.050 0.046 0.050 0.054 0.050 
8.046 8.051 7.864 8.002 7.933 7.925 7.979 7.949 8.010 
0.138 0.146 0.133 0.223 0.174 0.169 0.098 0.145 0.120 
0.044 0.045 0.048 0.047 0.053 0.048 0.047 0.049 0.045 




Liquid 5 Fe2+ 13oooc 
Oxide Weight Percent 
Si02 59.99 59.80 60.02 59.78 
FeO 1.01 1.06 1.00 1.07 
MgO 13.86 13.83 13.72 13.74 
CaO 8.98 9.04 9.10 9.05 
Al203 15.37 15.31 15.27 15.24 
Total 99.21 99.04 99.11 98.88 
No. Moles on Basis of 24 Oxygens 
Si 8.085 8.070 8.089 8.080 
Fe 0.114 0.119 0.112 0.121 
Mg 2.781 2.781 2.756 2.768 
Ca 1.296 1.307 1.314 1.310 




Pyroxene 5 Ni2+ 14oooc 
Oxide Weight Percent 
Si02 60.09 60.15 60.06 59.66 60.27 60.16 60.48 60.58 
NiO 0.78 0.78 0.85 0.89 1.29 0.88 0.85 0.85 
MgO 38.72 38.74 38.86 38.85 38.22 38.73 38.79 38.81 
CaO 0.25 0.22 0.37 0.22 0.22 0.21 0.25 0.23 
Al203 0.55 0.52 0.78 0.37 0.49 0.39 0.54 0.53 
Total 100.38 100.41 100.93 100.59 99.87 100.37 100.91 101.00 
No. Moles on Basis of 24 Oxygens 
Si 8.023 8.027 7.985 8.034 8.025 8.036 8.034 8.038 
Ni 0.083 0.084 0.090 0.095 0.140 0.094 0.091 0.090 
Mg 7.706 7.708 7.702 7.720 7.663 7.711 7.680 7.676 
Ca 0.035 0.031 0.053 0.031 0.031 0.030 0.035 0.033 
Al 0.086 0.082 0.123 0.058 0.077 0.061 0.084 0.083 




























Liquid 5 Ni2+ 14000C 
Oxide Weight Percent 
Si02 59.70 60.00 59.63 60.12 59.94 
NiO 0.41 0.47 0.44 0.43 0.41 
MgO 20.62 20.95 21.11 21.04 21.10 
cao 6.65 6.52 6.45 6.53 6.78 
Al203 12.04 12.04 12.00 11.90 12.19 
Total 99.42 99.97 99.02 100.02 100.43 
No. Moles on Basis of 24 Oxygens 
Si 8.010 8.006 7.986 8.016 7.979 
Ni 0.044 0.050 0.047 0.046 0.044 
Mg 4 0] 24 4.]66 4.2l4 4.182 4.183 
Ca 0.956 0.933 0.926 0.932 0.966 




Si02 59.73 59.84 
NiO 0.88 0.85 
MgO 38.53 38.59 
cao 0. 29 0.26 
Al203 0.57 0.55 
Total 100.01 100.08 
Si 8.011 8.017 
Ni 0.095 0.091 
Mg 7.704 7.708 
Ca 0.042 0.037 
Al 0.090 0.087 
Cc/Crn 2.36 2.26 
Pyroxene 5 Ni2+ 13500C 
Oxide Weight Percent 
59.42 58.71 59.32 59.07 59.50 
0.98 0.93 0.84 0.82 0.78 
38.19 38.25 38.24 38.07 37.97 
0.29 0.28 0.26 0.30 0.27 
0.77 0.67 0.57 0.58 0.73 
99.66 98.93 99.26 98.80 99.28 
No. Moles on Basis of 24 Oxygens 
8.001 7.969 8.015 8.016 8.029 
0.106 0.099 0.092 0.090 0.085 
7.666 7.760 7.700 7.702 7.639 
0.043 0.040 0.041 0.038 0.043 
0.122 0.]07 0.092 0.090 0.116 




























Liquid 5 Ni2+ 13500C 
Oxide Weight Percent 
Si02 59.72 59.07 58.92 59.51 59.39 
NiO 0.36 0.36 0.33 0.36 0.34 
MgO 16.39 16.28 16.24 16.39 16.33 
CaO 8.09 8.13 8.22 8.20 8.12 
Al203 14.88 15.06 14.95 14.79 15.11 
Total 99.44 98.90 98.66 99.25 99.30 
No. Moles on Basis of 24 Oxygens 
Si 8.001 7.963 7.964 7.993 7.971 
Ni 0.039 0.039 0.036 0.039 0.037 
Mg 3.273 3.27l 3.273 3.281 3.267 
Ca 1.162 1.174 1.190 1.180 1.168 




Pyroxene 5 Ni2+ 13000C 
Oxide Weight Percent 
Si02 60.38 60.16 60.12 59.98 60.29 60.40 59.92 
NiO 0.98 0.96 0.94 0.92 0.98 0.98 0.93 
MgO 38.44 38.45 37.90 38.05 38.20 38.48 37.83 
CaO 0.38 0.31 0.37 0.31 0.36 0.31 0.32 
Al203 0.85 0.73 1.12 0.79 1.17 0.87 0.89 
Total 101.02 100.61 100.46 100.05 101.06 101.04 99.89 
No. Moles on Basis of 24 Oxygens 
Si 8.017 8.020 8.022 8.035 8.001 8.017 8.038 
Ni 0.105 0.103 0.101 0.100 0.105 0.105 0.101 
Mg 7.609 7.641 7.538 7.599 7.568 7.613 7.565 
Ca 0.054 0.044 0.052 0.044 0.046 0.046 0.046 
Al 0.133 0.114 0.177 0.125 0.183 0.136 0.141 




























Liquid 5 Ni2+ 13000C 
Oxide Weight Percent 
Si02 60.98 59.76 59.49 60.60 60.30 
NiO 0.31 0.28 0.28 0.32 0.27 
MgO 12.75 12.69 12.65 12.80 12.53 
CaO 9.59 9.53 9.43 9.47 9.58 
Al203 16.74 16.65 16.76 16.81 16.55 
Total 100.37 98.91 98.62 99.99 99.23 
No. Moles on Basis of 24 Oxygens 
Si 8.082 8.043 8.030 8.063 8.084 
Ni 0.033 0.031 0.031 0.034 0.029 
Mg 2.519 2.546 2.545 2.538 2.504 
Ca 1. 362 1.375 1. 364 1.349 1.376 
















Pyroxene 5 cr3+ 14000C 
Oxide Weight Percent 
59.53 58.78 59.05 59.03 58.95 58.92 59.10 58.82 58.83 58.82 
0.52 0.44 0.49 0.51 0.54 0.57 0.60 0.50 0.53 0.72 
39.88 39.81 39.72 39.81 39.63 39.67 39.80 39.69 39.87 39.49 
0.29 0.29 0.26 0.27 0.28 0.30 0.28 0.28 0.30 0.34 
0.79 0.78 0.67 0.81 0.84 0.91 0.84 0.77 0.70 1.09 
101.01 100.09 100.18 100.44 100.24 100.37 100.62 100.06 100.23 100.46 
No. Moles on Basis of 24 Oxygens 
7.908 7.882 7.909 7.889 7.983 7.882 7.887 7.891 7.883 7.868 
0.061 0.052 0.057 0.061 0.064 0.068 0.070 0.059 0.063 0.086 
7.897 7.958 7.929 7.931 7.910 7.910 7.917 7.936 7.962 7.873 
0.041 0.041 0.037 0.039 0.040 0.043 0.040 0.041 0.042 0.048 
0.124 0.123 0.105 0.128 0.123 0.143 0.132 0.122 0.111 0.172 




Liquid 5 cr3+ 14oooc 
Oxide Weight Percent 
Si02 59.40 59.03 58.99 59.30 59.32 
Cr203 0.24 0.26 0.28 0.26 0.26 
MgO 20.86 20.98 21.02 20.91 20.68 
CaO 7.32 7.35 7.30 7.34 7.79 
Al203 11.59 11.56 11.61 11.59 12.07 
Total 99.41 99.17 99.20 99.41 100.11 
No. Moles on Basis of 24 Oxygens 
Si 7.990 7.965 7.958 7.979 7.937 
Cr 0.029 0.030 0.033 0.031 0.031 
Mg 4.182 4.220 4.227 4.193 4.124 
Ca 1.055 1.063 1.056 1.059 1.117 
















Pyroxene 5 cr3+ 13500C 
Oxide Weight Percent 
58.45 57.49 58.58 57.84 58.71 58.67 58.90 
0.63 0.64 0.56 0.64 0.51 0.62 0.48 
39.31 39.88 39.36 39.32 39.86 39.55 39.69 
0.29 0.32 0.32 0.33 0.31 0.30 0.33 
0.92 1.10 1.12 1.12 1.09 0.91 1.15 
99.61 98.43 99.94 99.25 100.48 100.06 100.56 
No. Moles on Basis of 24 Oxygens 
7.881 7.849 7.870 7.835 7.848 7.876 7.863 
0.075 0.077 0.067 0.076 0.061 0.074 0.057 
7.901 7.913 7.881 7.939 7.942 7.913 7.898 
0.041 0.047 0.046 0.047 0.044 0.044 0.048 
0.147 0.177 0.177 0.179 0.172 0.145 0.181 

















Cr 2o3 0.48 
MgO 39.28 
CaO 0.30 








Pyroxene 5 cr3+ 13500C (Cont'd) 
Oxide Weight Percent 
58.08 58.81 58.52 57.73 58.36 58.27 58.54 
0.54 0.57 0.56 0.57 0.57 0.59 0.54 
39.64 39.44 39.53 38.77 39.32 39.41 39.33 
0.29 0.32 0.30 0.34 0.33 0.32 0.32 
0.90 0.90 1.09 1.08 1.14 0.81 1.13 
99.45 100.04 100.01 98.49 99.74 99.36 99.90 
No. Moles on Basis of 24 Oxygens 
7.847 7.892 7.859 7.871 7.859 7.877 7.868 
0.064 0.068 0.067 0.069 0.070 0.065 0.069 
7.894 7.888 7.9]2 7.879 7.893 7.940 7.880 
0.042 0.046 0.043 0.050 0.048 0.046 0.046 
0.144 0.143 0.173 0.173 0.181 0.129 0.179 




























Liquid 5 cr3+ 135ooc 
Oxide Weight Percent 
Si02 59.12 57.85 57.90 58.00 58.23 
Cr203 0.15 0.17 0.14 0.16 0.14 
MgO 16.51 16.32 16.37 16.34 16.34 
CaO 8.53 8.53 8.47 8.52 8.47 
Al203 14.07 14.17 13.96 14.10 14.05 
Total 98.39 97.05 96.83 97.12 97.23 
No. Moles on Basis of 24 Oxygens 
Si 8.016 7.962 7.983 7.974 7.992 
Cr 0.018 0.021 0.017 0.020 0.017 
Mg 3.337 3.348 3.364 3.348 3.343 
Ca 1.239 1. 258 1. 251 1.256 1.246 




Pyroxene 5 cr3+ 13oooc 
Oxide Weight Percent 
Si02 58.66 58.07 58.63 58.61 57.91 58.48 57.88 58.01 
cr203 0.78 0.57 0.55 0.48 0.61 0.50 0.61 0.62 
MgO 39.62 39.62 40.09 39.47 39.64 39.68 39.83 39.79 
cao 0.35 0.38 0.32 0.51 0.36 0.35 0.34 0.32 
Al203 1.35 1.38 1.33 1.42 l. 38 1.12 1.22 1. 27 
Total 100.76 100.02 100.99 99.90 100.13 99.88 100.01 99.86 
No. Moles on Basis of 24 Oxygens 
Si 7.829 7.806 7.809 7.802 7.796 7.845 7.796 7.801 
Cr 0.092 0.068 0.064 0.056 0.073 0.060 0.073 0.073 
Mg 7.883 7.939 7.958 7.931 7.954 7.935 7.997 7.976 
Ca 0.050 0.054 0.046 0.073 0.052 0.050 0.050 0.049 
Al 0.212 0.218 0.210 0.224 0.219 0.177 0.193 0.201 




























Liquid 5 cr3+ 13oooc 
Oxide Weight Percent 
Si02 58.86 59.02 59.54 58.91 58.82 
Cr203 0.10 0.11 0.09 0.09 0.09 
MgO 13.24 13.32 13.29 13.24 13.21 
CaO 9.38 9.36 9.37 9.26 9.20 
Al203 15.60 15.59 15.65 15.79 15.61 
Total 97.18 97.43 96.94 97.30 96.93 
No. Moles on Basis of 24 Oxygens 
Si 8.065 8.070 8.088 8.057 8.072 
Cr 0.012 0.013 0.011 0.011 0.011 
Mg 2.703 2.712 2.692 2.700 2.703 
Ca 1.378 1.370 1.363 1.357 1.353 




Spinel 6 1400oc 
Oxide Weight Percent 
Si02 0.43 0.47 0.41 0.43 0.46 0.37 0.40 0.38 0.45 0.51 
FeO 0.55 0.57 0.44 0.53 0.51 0.55 0.57 0.55 0.63 0.48 
MgO 26.45 26.94 26.12 26.39 26.73 27.14 27.16 26.69 27.26 25.98 
CaO 0.10 0.15 0.12 0.16 0.15 0.13 0.13 0.13 0.17 0.18 
Cr203 3.53 3.49 3.47 2.47 3.72 3.49 3.72 3.61 3.38 4.05 
CoO 0.48 0.50 0.44 0.46 0.42 0.52 0.48 0.46 0.49 0.55 
Al203 67.42 67.81 66.88 68.26 67.79 67.72 67.71 66.11 67.35 67.62 
Total 98.96 99.93 97.90 98.81 99.79 100.17 98.95 99.73 9 9,.'3 7 99.37 
No. Moles on Basis of 24 Oxygens 
Si 0.064 0.068 0.061 0.063 0.067 0.054 0.058 0.056 0.066 0.075 
Fe 0.067 0.070 0.054 0.065 0.062 0.067 0.069 0.069 0.076 0.058 
Mg 5.785 5.836 5.771 5.801 5.883 5.878 5.908 5.922 5.670 5.670 
Ca 0.015 0.024 0.20 0.026 0.024 0.021 0.023 0.026 0.028 0.023 
Cr 0.458 0.448 0.455 0.320 0.479 0.448 0.477 0.474 0.435 0.524 
Co 0.057 0.058 0.053 0.054 0.049 0.061 0.056 0.054 0.057 0.064 
Al 11.661 11.61811.684 11.770 11.634 11.607 11.589 11.573 11.568 11.670 
c€;~Cm 1.69 1.76 1. 36 1. 62 1.56 1.68 1.73 1.73 1.91 1.46 
c~rcm 156 152 154 109 163 152 161 162 148 178 
c~?cm "' 2.14 2.18 1. 99 2.03 1.84 2.28 2.10 2.08 2.13 2.41 ~
1-' 
Liquid 6 l4000C 
Oxide Weight Percent 
Si02 44.42 44.13 44.05 43.97 
FeO 0.28 0.28 0.26 0.28 
MgO 17.34 17.27 17.30 17.12 
CaO 12.58 12.07 12.50 12.43 
Cr203 0.05 0.02 0.02 0.04 
Al203 2l.22 21.22 21.27 21.25 
CoO 0.23 0.17 0.22 0.20 
Total 96.11 95.15 95.62 95.28 
No. Moles on Basis of 24 Oxygens 
Si 6.417 6.426 6.396 6.404 
Fe 0.034 0.034 0.032 0.035 
Mg 3.734 3.748 3.745 3.828 
Ca 1.947 1.883 1.944 1.940 
Cr 0.006 0.002 0.002 0.005 
Al 3.613 3.641 3.640 3.648 


















Olivine 6 13500c 
Oxide Weight Percent 
Si02 41.30 40.73 41.20 41.33 40.50 41.68 41.51 41.19 40.49 40.17 
FeO 0.10 0.06 0.07 0.07 0.08 0.07 0.09 0.06 0.09 0.07 
MgO 57.42 57.51 57.47 57.59 57.32 57.69 57.97 57.79 57.11 57.09 
cao 0.44 0.39 0.74 0.37 0.39 0.38 0.38 0.39 0.40 0.37 
Cr203 0.05 0.03 0.04 0.05 0.02 0.03 0.05 0.04 0.14 0.08 
Al203 0.41 0.38 0.95 0.33 0.32 0.29 0.27 0.28 2.14 0.33 
CoO 0.56 0.56 0.60 0.65 0.54 0.56 0.61 0.60 0.62 0.56 
Total 100.28 99.66 101.07 100.39 99.17 100.70 100.88 100.35 100.99 98.65 
No. Moles on Basis of 24 Oxygens 
Si 5.831 5.971 5.779 5.832 5.887 5.857 5.829 5.816 5.862 5.774 
Fe 0.012 0.007 0.008 0.009 0.010 0.009 0.010 0.007 0.010 0.008 
Mg 12 086 12.189 12.015 12.111 12.210 12.085 12.133 12.164 11.948 12.231 
Ca 0.067 0.060 0.111 0.056 0.059 0.057 0.057 0.059 0.059 0.057 
Cr 0.007 0.003 0.005 0.006 0.003 0.003 0.008 0.005 0.017 0.008 
Al 0.069 0.064 0.156 0.054 0.054 0.048 0.045 0.047 0.354 0.056 
Co 0.063 0.064 0.068 0.074 0.062 0.063 0.068 0.068 0.070 0.065 
c~9Cm 0.28 0.17 0.19 0.21 0.19 0.21 0.24 0.17 0.24 0.19 
c~7cm 1.01 0.43 0.72 0.86 0.43 0.43 1.15 0.72 2.45 1.15 




Spinel 6 13500C 
Oxide Weight Percent 
Si02 0.41 0.30 0.46 0.32 0.99 0.32 0.53 0.46 0.49 0.47 
FeO 0.74 0.74 0.87 0.67 0.70 0.72 0.71 0.71 0.67 0.71 
MgO 27.76 27.57 27.90 27.62 27.09 27.24 27.32 27.99 27.76 27.55 
cao 0.27 0.16 0.59 0.28 0.15 0.21 0.17 0.36 0.22 0.20 
cr2o 3 5.14 5.34 6.29 4.96 4.28 5.05 5.86 4.30 3.81 6.58 
Al203 69.53 68.87 69.66 68.96 70.13 69.25 68.71 69.53 70.42 68.61 
CoO 0.65 0.63 0.78 0.62 0.63 0.67 0.62 0.72 0.66 0.65 
Total 104.50 103.61 106.55 103.42 103.96 103.46 103.92 104.08 104.02 104.76 
No. Moles on BAsis of 24 Oxygens 
Si 0.057 0.043 0.064 0.045 0.138 0.045 0.075 0.065 0.068 0.066 
Fe 0.086 0.087 0.101 0.079 0.083 0.085 0.084 0.084 0.078 0.083 
Mg 5.805 5.821 5.762 5.831 5.655 5.749 5.758 5.858 5.789 5.782 
Ca 0.041 0.024 0.088 0.042 0.022 0.032 0.026 0.055 0.034 0.030 
Cr 0.638 0.668 0.770 0.620 0.529 0.632 0.732 0.534 0.471 0.819 
Al 11.496 11.495 11.377 11.511 11.576 11.557 11.453 11.506 11.612 11.387 
Co 0.073 0.072 0.087 0.070 0.071 0.076 0.070 0.081 0.074 0.074 
c~'Cm 2.02 2.04 2.36 1.85 1. 96 2.00 1.97 1.97 1.84 1. 94 
c~~cm 92. 96. 110. 89. 76. 91. 105. 77. 68. 117. 
C~9Cm 2.36 2.32 2.81 2.26 2.31 2.46 2.26 2.62 2.40 2.39 1\J 
~ 
~ 
Liquid 6 135ooc 
Oxide Weight Percent 
Si02 47.24 47.44 47.24 47.21 47.52 
FeO 0.33 0.31 0.30 0.31 0.33 
MgO 16.53 16.65 16.58 15.76 16.18 
cao 13.78 14.01 14.30 14.72 14.57 
cr203 0.06 0.03 0.06 0.04 0.06 
Al203 21.62 21.95 22.01 21.92 21.85 
CoO 0.22 0.26 0.24 0.25 0.22 
Total 99.78 100.64 100.72 100.20 100.74 
No. Moles on Basis of 24 Oxygens 
Si 6.568 6.543 6.518 6.553 6.558 
Fe 0.039 0.036 0.034 0.036 0.038 
Mg 3.425 3.424 3.410 3.259 3.329 
Ca 2.053 2.070 2.114 2.189 2.155 
Cr 0.007 0.004 0.007 0.005 0.007 
Al 3.544 3.568 3.581 3.586 3.554 
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